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Perovskite, CaTiO,, was discovered and named in 
1839 by Gustav Rose, German chemist and mineral- 
ogist (1798-1873), the year he was appointed profes- 
sor at Berlin University. To Rose we owe sanidine 
(1808), anorthite (1823), and cancrinite (1859) as well. 
Alexander von Humboldt whom the Tsar of Russia 
had asked to explore the far reaches of his empire 
chose Rose as a fellow traveller. Rose's report "Reise 
nach dem Ural, Altai und dem Kaspischen Meer", 
was published in Berlin between 1837 and 1842. It is 
presumably there that Rose first mentioned perovs- 
kite. 

Lev Alexeievitch Perovsky was born in 1792 at 
Kharkov, the son of a Ukrainian nobleman of Tartar 
stock. He pursued a military career and fought in the 
Napoleonic wars, until he was wounded in the cam- 
paign of 1814. He was promoted to colonel in 1818. 
He left the army in 1823. In 1841, he was appointed 
Secretary of the Interior and in 1852, Director of the 
Imperial Cabinet; he also was chairman of the com- 
mittee set up to supervise the building of St. Isaac 
cathedral in St. Petersburg. In 1855, he devoted much 
effort to promoting the exploitation of the mines of 
the Altai district. During the Crimean war he mus- 
tered a regiment of riflemen and he was promoted to 
general and adjutant general to the Emperor. He died 
in 1856 in St. Petersburg. 

This minor accessory mineral, named after a minor 
dignitary, has lent its name to all materials possessing 
similar structures. Because the perovskite structure 
uniquely accomodates both large and small cations, 
because distortions of the ideal cubic structure pro- 
vide further flexibility for incorporating cations of 
different sizes, and because the structure is remark- 
ably tolerant of vacancy formation and atomic-scale 
intergrowths with other structural motifs, perovskite- 
related compounds can be synthesized for an ex- 
tremely wide variety of combinations of chemical 
elements. The resulting materials can be insulators, 
semiconductors, metals, and, as the past two years 
have shown, superconductors. They find technical 
application today in ceramics, refractories, and elec- 
tronics, as possible hosts for nuclear waste. When the 
high T, superconductors are commercialized, perovs- 
kite-related materials will presumably pioneer a host 
of new technologies. 

Nature has put the perovskite structure to use in 
the dense hot ceramic interior of our planet. From the 
670 km seismic discontinuity to the core-mantle 
boundary, an MgSiO;-rich perovskite phase probably 
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accounts for 50-90% of the volume of that region. 
Thus this material, accessible to us on the surface in 
microgram amounts in diamond-cell experiments and 
in milligram amounts by laborious "large volume" 
synthesis, may in fact be the most abundant single 
mineral in the Earth. 

Even before the excitement of high-T, made front- 
page news in late 1986, a group of mineral physicists 
had started planning a small interdisciplinary confer- 
ence on the perovskite structure. Its purpose was to 
bring together the geophysics and materials science 
community to discuss fundamental questions of 
structure, stability, and properties in perovskite-relat- 
ed materials. We felt that the geophysicists, trying to 
model the lower mantle based on scanty data for the 
properties of MgSiO; perovskite had much to learn 
from the systematic study of perovskite structures 
done in the materials community. At the same time, 
the materials scientists could broaden their pressure 
and temperature horizons by considering MgSiO; 
perovskite. The variety of papers and of fields repre- 
sented, the interest with which these were received, 
and the spirited discussions which ensued, indeed 
confirmed this impression and contributed to the 
success of the Chapman Conference on "Perovs- 
kite—A Structure of Great Interest to Geophysics and 
Materials Science" held in Bisbee, Arizona, Oct. 29— 
Nov. 2, 1987. This book is more a collection of papers 
related to the talks presented than a strict proceed- 
ings. It intermingles review material and new re- 
search results. We hope that it finds readers in both 
the earth science and materials science communities. 

The organizers and editors owe thanks to our 
colleagues for their enthusiastic participation and to 
the National Science Foundation for financial assist- 
ance. Many people associated with the Bisbee Con- 
vention Center helped make the meeting easy and 
pleasant, and the town and its people provided a 
unique friendly atmosphere, splendid scenery, and a 
Halloween celebration to complement our serious 
deliberations. We thank you all. 


Alexandra Navrotsky 
Department of Geological and Geophysical Sciences 
Princeton University 


Donald J. Weidner 
Department of Earth and Space Sciences 
State University of New York at Stony Brook 
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Introduction 


The importance of magnesium silicate perovskite in determining the 
thermal and chemical properties of the Earth's lower mantle is 
unquestionable. Available phase equilibrium data document that silicate 
perovskite is not only the most abundant mineral in the lower mantle, but 
also within the Earth itself [Knittle and Jeanloz, 19872]. Both the density 
distribution and the thermal state of the lower mantle are critically 
dependent on the physical properties of silicate perovskite. Thus, an 
understanding of silicate perovskite's material properties is vital in the 
construction of all compositional and geodynamic models of the Earth. 

This importance of silicate perovskite for the Earth sciences is a 
fortunate circumstance. The perovskite structure, or its close variants, are 
adopted by an extraordinarily broad range of chemical compositions (at 
least 700 distinct compositions as of 1970 [Goodenough and Longo, 
19707). As such, the material properties of substances with this structure 
have been extensively studied at zero pressure. Despite the interest in 
these materials from both the earth science and materials science 
communities, however, it is only in the last three years that the behavior 
of perovskites in general, and silicate perovskite in particular, has been 
probed at lower mantle pressures (P224 GPa). Additionally, the effect of 
compositional variations on the internal structure of MgSiO, silicate 
perovskite has previously been uncharacterized. Again, only within the 
last two years has direct experimental evidence been brought to bear on 
the question of where iron, an element that is inferred to comprise 
between 5 and 10 weight per cent of the lower mantle, resides within the 
silicate perovskite structure. 

In this paper, we review a series of measurements performed at both 
high pressures and zero pressure designed to illuminate the thermoelastic, 
structural, kinetic and electronic properties of (Mg,Fe)SiO3 perovskites. 
These measurements include the synthesis pressures, thermal expansion at 
zero pressure, and equation of state across a wide range of pressures 
[Knittle et al., 1986; Knittle and Jeanloz, 1987a]. Raman spectroscopy 
and pressure-dependent infrared spectra characterize the vibrational 
frequencies of MgSiO4-perovskite [Williams et al., 1987]. From these 
data, we derive values not only for the thermal expansion, bulk modulus 
and Grüneisen parameter of this important lower mantle phase, but we 
also document the extraordinary structural stability of magnesium silicate 
perovskite with respect to extremes of temperature and pressure. Our 
thermoelastic results are compared with the seismologically observed 
elastic properties of the lower mantle; such comparisons are required to 
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infer possible constraints on the composition of the mantle, and thus on 
the style of mantle convection. 


The Thermoelastic Properties of Silicate Perovskite 


Constructing compositional models of the Earth's deep interior requires 
constraints on the density of silicate perovskite at high pressures and 
temperatures. Therefore, we have measured the isothermal bulk modulus 
(K= -V(dP/dV)), its pressure derivative (K, = dK ,/ dP) and the 
zero-pressure thermal expansion coefficient (X = (1/V)(dV/dT)p) of 
(Mgo ggFeo 12)51O4 in the high-pressure perovskite structure [Knittle et 
al., 1986; Knittle and Jeanloz, 19872]. 

The room temperature equation of state of (Mgp ggFeg 125103 
perovskite measured to pressures of 112 GPa is reproduced in Figure 1. 
The experiments were done on perovskite synthesized at pressures between 
25 and 127 GPa, and temperatures of about 2000 K, using the laser-heated 
diamond cell. The samples were x-rayed in situ without being quenched 
in pressure (further details are given in Knittle and Jeanloz [1987a]). Our 
data, and the earlier measurements of Yagi et al. [1982] to pressures of 
10 GPa, were analyzed using a Birch-Murnaghan (Eulerian) third-order 
finite-strain equation of state formalism [Birch, 1978]. These yield zero- 
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Fig. 1. Room-temperature isotherm of (Mgo 9Feg ;)SiO, perovskite 
measured to 112 GPa [Knittle and Jeanloz, 1987a]. The data were 
obtained by measuring the change in the unit cell dimensions of 
perovskite using x-ray diffraction through the diamond cell. The study 
demonstrates that perovskite is stable throughout the pressure range of the 
Earth's lower mantle. 
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2 SIGNIFICANCE OF (Mg,Fe)SiO; PEROVSKITE 


pressure values of K7= 266 (+/- 6) GPa and K; = 3.9 (+/- 0.4) for this 
perovskite. The ten-fold increase in the pressure range of our data over 
that of Yagi et al., results in a robust constraint not only on the bulk 
modulus but also on its pressure derivative. 

Notably, MgSiO3-perovskite has the highest bulk modulus of any 
oxide perovskite known; while most titanate and aluminate perovskites 
have bulk moduli between 175 and 215 GPa, only ScAIO; (Kr- 249 
(+/- 13) GPa) approaches MgSiO, in its incompressibility [Bass, 1984]. 
Also, this study demonstrates that the "external" structural distortion of 
perovskite, which is manifested by the ratios of the lattice parameters, 
remains constant over the 25 percent range of compression within the 
resolution of these measurements. 

Our results were measured for a perovskite composition with a model 
lower mantle composition, (Mg ggFep.12)SiO3, whereas the data of Yagi 
et al. were collected on the MgSiO; endmember. The difference between 
the bulk modulus derived from the lower pressure data of Yagi et al. (260 
+/- 20 GPa), and the value based uniquely on our five static compression 
data points above 20 GPa (263 +/- 8 GPa) is not significant, however. 
The effect of iron on the bulk modulus of magnesium-silicate perovskite 
is therefore too small to resolve with the present data set. 

The value for the bulk modulus of MgSiO,-perovskite derived here is in 
accord with that expected from empirical correlations between bulk 
modulus and molar volume, and between sound speed and mean atomic 
weight, for a wide variety of oxide perovskites (Kr- 260 (+/-30) GPa) 
[Bass, 1984; Liebermann et al., 1977]. Because of the small change in 
volume associated with iron substitution into silicate perovskite (as 
discussed below), these elasticity systematics also indicate that the effect 
on the bulk modulus of substituting 12 percent iron for magnesium on 
the bulk modulus of this material would be less than | percent [Bass, 
1984; Liebermann et al., 1977]. 

The only information to date on the effect of temperature on the volume 
of perovskite is a measurement of the zero-pressure thermal expansion of 
(Mgp ggF€o,12)5iO3 [Knittle et al., 1986]. The increase in volume as a 
function of temperature is shown in Figure 2. For these experiments, 
thirty to fifty samples of (Mgo ggFeg 12)SiO3 perovskite (~1 


4.12 
T" MggsFe, SiO, Perovskite 
THERMAL EXPANSION 4M — 
AT ZERO PRESSURE "m 
= 
Ew 
Temperature 46 c 
Increasing 2 
VA, 1.01 Decreasing 
293K 4.18 Es 
oe 
Z 
uJ 
C 


| 420 


422 


300 400 500 600 700 800 900 
TEMPERATURE (K) 


Fig. 2. Zero-pressure thermal expansion of (Mgo ggFeo 12)5i1O4 
perovskite plotted as the high-temperature volume normalized by the 
room-temperature volume (V/V594*) versus temperature. Data were 
obtained from two samples: run | at both increasing and decreasing 


temperature and run 2 only at increasing temperature [Knittle et al., 
1986]. 
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microgram/sample) were quenched to ambient conditions after being 
synthesized at pressures of about 40 GPa and temperatures of about 2000 
K using the laser-heated diamond cell [Knittle et al., 1986]. It was only 
possible to collect data from room temperature to 850 K because above 
this temperature the metastable perovskite structure reverts to the low- 
pressure enstatite polymorph. The average thermal expansion coefficient 
over the 550 K temperature range of the data is 3.3 (4/- 0.5) x 103 K-!. 
This value is comparable to the thermal expansion coefficients measured 
for other oxide perovskites over similar temperature ranges [Table 1: 
Touloukian et al., 1977]. 


TABLE 1. Thermal Expansion Coefficients of Perovskites! 


Compound Comments <O> 000 K (105 K-1) 
BaTiO; cubic phase 4.4 (above 393 K) 
SrTiO; cubic phase 3.6 
KTaO, cubic phase 2.7 
CaZrO, cubic phase 3.6 
BaZrO, cubic phase 3.0 
PbZrO, cubic phase 3.2 
SrZrO3 orthorhombic phase 3.3 

Mgo.ggF€o.1251O3 orthorhombic phase 39(t0.5? 


1 AJ] data from Touloukian et al. [1977], except for the silicate perovskite 
value which is from Knittle et al. [1986]. 


2 This value is extrapolated to 1000 K. The value of the thermal 
expansion coefficient at the highest temperature at which data was 
obtained (850 K) is 3.7 (£0.5) X 105 Kl. 


In order to be directly applicable to the Earth's lower mantle, the 
thermal expansion coefficient for perovskite must be extended to 
temperatures considerably beyond 850 K. We have therefore analyzed our 
high-temperature data using Grüneisen's theory of thermal expansion 
[Knittle and Jeanloz, in preparation; Knittle et al., 1986; Suzuki, 
1975; Suzuki et al., 1979]. In this formalism, the high temperature 


volumes are fit to obtain values for the Griineisen parameter (Y) and the 


Debye temperature (€) which can be used to calculate the thermal 
expansion coefficients at temperatures beyond the range of the available 
data. For (Mgo ggFeo ,2)SiO; perovskite, values derived from the best fit 
to our data are tabulated in Table 2. These values differ slightly from 
those given by Knittle et al. [1986] because they are based on an 
improved theory of thermal expansion [Jeanloz and Knittle, in 
preparation]. Within the uncertainties of each fit however, they are 
indistinguishable. 


The Grüneisen Parameter of Silicate Perovskite 


The Griineisen parameter of MgSiOj-perovskite is of critical 
importance in determining the adiabatic gradient through the convecting 
lower mantie. In general, the value of this dimensionless parameter lies 
between 0 and 2, with higher values implying a higher thermal gradient. 
Two independent methods are available for evaluating this parameter, one 
based on the macroscopic thermodynamic properties of the crystal, and the 
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WILLIAMS ET AL. 3 
TABLE 2. Thermodynamic Properties of (Mg,Fe)SiO; Perovskite 
Kr Ky XO sso K Y Opebye 
(GPa) 03 K) (K) 
Knittle and Jeanloz, 1987a 266 (+6) 3.9 (£04) c E --- 
Yagi et al., 1982 260 ( +20) 4.0 (assumed) ene mem een 
Knittle et al., 1986 
Knittle and Jeanloz, 1988 --- --- 3.7 (+0.5) 1.7 (+0.05) 700 ( +50) 
Williams et al., 1987 --- --- --- 1.9 (+0.2) 620 ( +50)! 


lValue estimated from the observed vibrational spectrum of the crystal. 


other on the behavior of the vibrational frequencies of the crystal under 
pressure. Thus, we may express the Grüneisen parameter as either: 


Y = aKqV/Cy q 
or 
cy do, 
Sgt Yes a 


where Q is the thermal expansion coefficient, Ky the isothermal bulk 
modulus, V the crystal volume and Cy the heat capacity at constant 
volume. Within the summation over the i vibrational modes of the 
crystal in (2), Cj is the contribution of the ith mode to the crystal heat 
capacity, 

©; is the frequency of that mode, and y; is the mode Griineisen 
parameter. 

Using the thermodynamic definition of the Griineisen parameter and a 
fit to the thermal expansion data of Knittle et al. [1986], a value of about 
1.7 (+/- 0.05) is arrived at for the 300 K Griineisen parameter [Suzuki et 
al., 1979; Knittle and Jeanloz, 1988]. As an independent check on this 
number, we have undertaken a study of the shift in the mid-infrared 
vibrational bands of MgSiO,-perovskite as a function of pressure 
[Williams et al., 1987]. Our zero-pressure spectrum is shown in Figure 
3, and the shifts of the four bands with pressure are shown in Fig. 4. The 
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Fig. 3. Mid-infrared spectrum of MgSiO, perovskite measured at zero 
pressure and 300 K [Williams et al., 1987]. 
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Fig. 4. Shift in the mid-infrared peak positions of MgSiO, perovskite as 
a function of pressure. The error bars represent the pressure uncertainty in 
each measurement [Williams et al., 1987]. 


highest frequency band, with a zero- pressure frequency of 797 cml, is 
assigned by analogy with the spectra of other perovskites to a stretching 
vibration of the SiOg structural unit. The three other bands are similarly 


associated with bending and twisting vibrations of this octahedron. The 
average mode Griineisen parameter of these vibrations is 1.36 (+/-0.15), 
with the bulk of this error being due to the uncertainty in 4, the 
logarithmic derivative of the Grüneisen parameter with respect to volume. 

To derive an estimate of the thermodynamic Grüneisen parameter from 
mid-infrared data requires two assumptions: first, that the shifts of the 
Brillouin zone-center modes observed in infrared studies are representative 
of all vibrational modes of the crystal within the energy range of the 
measurement (that is, the effect of dispersion is small on average, and 
Raman-active and spectroscopically inactive modes at comparable energies 
behave similarly). Second, an assumption must be.made concerning the 
behavior of lower frequency modes, particularly those involving motion 
of the magnesium cation. The probable location of these lower frequency 
bands may be derived from the Raman spectrum of MgSiO,-perovskite 
(Figure 5). While the two higher frequency Raman bands are likely to be 
due to vibrations of the SiOg octahedral group, the two lower frequency 


modes are likely to be associated with motion of the magnesium ion (for 
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Fig. 5. The Raman spectrum of MgSiO, perovskite measured at zero 
pressure and 300 K [Williams et al., 1987]. 
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a summary of the vibrational normal modes of perovskite, see Figure 6). 
We estimate the thermodynamic Grüneisen parameter by deriving a model 
zero-pressure density of states for perovskite based upon the observed 
(Brillouin zone-center) vibrational spectra. Noting that the absolute 
spectral shift with pressure of our higher frequency bands is essentially 
constant, we obtain an estimate for the thermodynamic Grüneisen 
parameter of 1.9 (+/-0.2). More recent estimates of the Griineisen 
parameter, based upon far-infrared spectra of perovskite under pressure 
[Hofmeister et al., 1987], indicate that our assumption of constant 


frequency shift may slightly overestimate Y. Also, the Griineisen 
parameter derived from a larger spectroscopic data set may be in better 
accord with the value derived from the thermal expansion data (Table 2). 


Effect of Pressure and Temperature on Perovskite Distortions 


Considerable mineralogical significance has been attached to the 
possibility that the distortion of the silicate perovskite structure may be 
sensitive to external conditions of temperature and pressure [O'Keeffe et 
al., 1979; Price, 1986; Wail et al., 1986]. However, the problem of 
the stability of the orthorhombic silicate perovskite structure has now 
been directly studied both experimentally and theoretically. X-ray 
diffraction shows that the lattice parameter ratios b/a and c/a of 
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Fig. 6. Summary of the long-wavelength (k=0) vibrational modes of MSiO4 (M=Mg, Ca) [see Williams et al., 1987]. 
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(Mgp ggFeo.12)51O4 perovskite, which are determined by the rotation and 
tilting of the silicon octahedra, do not change over a broad range of either 
pressure or temperature [Knittle et al., 1986; Knittle and Jeanloz, 
1987a; Kudoh et al., 1987]. Although Kudoh et al. [1987] claim that 
they observe a change in the lattice parameter ratios with pressure, an 
examination of their data shows that these changes are not present in all 
of their high pressure measurements and are, if present at all, smaller in 
magnitude than their experimental uncertainties. In fact, their error bars 
on b/a and c/a are of the same magnitude as those measured by Knittle 
and Jeanloz [1987a] over a pressure range approximately 12 times larger. 
Thus, Kudoh et al.'s interpretation that their data show an increase in b/a 
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Fig. 7. Effect of pressure and temperature on the orthorhombic perovskite 
structure. of (Mg,Fe)SiO,. The degree of external distortion is 
characterized by either the lattice parameter ratios b/a and c/a (left-hand 
scale) or by (right-hand scale): the angle of rotation of rigid SiO, 
octahedra about trigonal axes [see O'Keeffe et al., 1979]. The unit cell of 


the perovskite is defined such that b/a = 1 and c/a = A . The effect of 
temperature (top axis) on the perovskite structure is shown between room 
temperature and 840 K at zero pressure (circles with error bars: see 
Knittle et al. [1986] for details). The effect of pressure (bottom axis) on 
the lattice parameter ratios is shown to over 100 GPa at room temperature 
(square symbols: see Knittle and Jeanloz [1987a]). For both sets of 
experiments, the lattice parameters are constant within the error bars and 
are the same as the values at ambient conditions: b/a = 1.032 +/- 0.004 
and c/a = 1.444 +/- 0.006. Arrows at left indicate the values of b/a and 
c/a reported by Ito and Matsui [1978] and Horiuchi et al. [1987]. The 
theoretical predictions of the changes in structural distortion with pressure 
and temperature are included as dashed lines. P(V) labels the change in 
b/a and c/a with decreasing volume (increasing pressure) calculated by 
Hemley et al. [1987]. The results of Wolf and Bukowinski [1987] for 
high pressure and temperature are designated P and T, respectively. 
Although the calculations do not always reproduce the absolute values of 
bla and c/a measured experimentally, they do show that the perovskite 
structure is not expected to undergo external distortions (octahedral tilting) 
that are resolvable by our experiments at elevated pressures and 
temperatures. That the angle «b differs slightly for the observed (and 
calculated) values of b/a and c/a indicates that the perovskite structure 
involves internal distortions as well as tilting of the octahedra. 
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and a decrease in c/a is equivocal, and their data are equally interpretable 
as showing that both b/a and c/a are constant. 

Combining the thermal expansion and compression measurements, the 
experimental values span a 25 percent range in the volume of the 
perovskite, with the volume ratio V/Vg being between 1.02 and 0.78. 
Recent theoretical calculations of the structure of silicate perovskite are in 
accord with the experimental data [Hemley et al., 1987; Wolf and 
Bukowinski, 1987]. Hence, both experiment and theory demonstrate that 
the external distortion, that is the tilt of the octahedra which is reflected in 
the b/a and c/a ratios, is constant within current limits of resolution 
(Figure 7). Rather, changes in the Si-O, Fe-O and Mg-O bond lengths are 
likely to be accomodated by internal distortions of the polyhedra. 

The lack of any measureable effect of pressure and temperature on the 
external distortion of silicate perovskite contrasts with the behavior of 
most other perovskite-structured compounds. Among alkaline earth 
perovskites, only the titanates (CaTiO;, SrTiO}, BaTiO4) have been 
examined in situ at pressures above 10 GPa, with CaTiO, having been 
heated and examined while held at high pressures [Xiong et al., 1986]. 
Of the three, cubic SrTiO, alone has no documented room temperature 
phase transitions to a pressure of 20 GPa [Edwards and Lynch, 1970], 
despite the expectation that it is likely to undergo a tetragonal distortion 
at a pressure of 6-7 GPa [Okai and Yoshimoto, 1975]. CaTiO, 
undergoes a phase transition to a hexagonal form at about 10 GPa and 
room temperature. When it is quenched from high temperature at high 
pressures, CaTiO; is found to have transformed to a tetragonal form at 8.5 
GPa, and to the hexagonal polymorph at 16 GPa [Xiong et al., 1986]. 
BaTiO, transforms from a tetragonal to a cubic structure at 1.9 GPa, and 
remains stable in the cubic form to at least 11 GPa at ambient 
temperatures [Samara, 1966; Fischer and Polian, 1987]. 

As temperature is varied at zero pressure, both SrTiO; and BaTiO, 
undergo thermally induced phase transitions. At temperatures below 105 
K, SrTiO} becomes tetragonally distorted. Similarly, BaTiO, occurs in 
the ideal cubic structure above 398 K, while between 278 K and 398 K it 
is in a tetragonal structure. At lower temperatures, this compound is 
orthorhombically distorted. By contrast, orthorhombic CaTiO, appears to 
be stable between 148 and 1073 K, although its distortion appears to 
lessen with increasing temperature [Kay and Bailey, 1957]. Thus, the 
effect of increased temperature on these perovskites is, in general, to 
increase their symmetry. The effect of pressure on the temperatures of the 
thermally-induced transitions is more ambiguous. While in BaTiO}, 
pressure enlarges the stability field of the cubic structure [Decker and 
Zhao, 1984], the effect of pressure is the opposite in SrTiO3: the lower 
symmetry tetragonal phase is stabilized relative to the cubic structure with 
increased pressure [Okai and Yoshimoto, 1975]. Thus, the remarkable 
stability of MgSiO3 perovskite in a structure with a specific amount of 
(orthorhombic) distortion (Figure 7), is one of the most interesting 
aspects of the crystal chemistry of this phase. Silicate perovskite exhibits 
not only the largest pressure-temperature stability field known for any 
perovskite, but one of the largest that is known for any mineral. 


Role of Iron in Perovskite 


Figure 8 shows the wide range of bond lengths and valences which iron 
takes on in the octahedral sites of perovskite structures. Within the 
MgSiO, framework, EXAFS (extended x-ray absorption fine structure) 
results for perovskite synthesized from Bamble enstatite, 


(Mgo.ggFep.32)SiO3, indicate that Fe?* enters into the octahedral site, 
displacing silicon. Modelling of the EXAFS yields an Fe-O bond length 
of 214 (4/- 4) pm. The pattern of Fe substituting for Si, although 
unexpected from the behavior of Fe in magnesium silicates at low 
pressure, is well-precedented for iron in other perovskites (Figure 8). 
Indeed, divalent iron doped into SrTiO} enters into octahedral 
coordination, although such substitution is often associated with an 
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Fig. 8. Iron valence in five iron-bearing perovskites as a function of 
measured iron-oxygen distance. The square symbols are the Fe-O 
distances for high-spin and low-spin iron with iron valences of +2, +3 and 
+4 as tabulated by Shannon and Prewitt [1969] and Shannon [1976]. In 
all of the perovskites shown here, iron is six-fold coordinated (i.e. it 
resides in the octahedral site) and is in the high-spin state. Also plotted is 
the Si-O distance (178 pm) in the octahedral site of silicate perovskite 
(MgSiO,). This illustrates the expansion that is required of the octahedron 
when iron is substituted for silicon into that site. The data are from 
Jackson et al. [1987], Buffat et al. [1986], and Takeda et al. [1978, 
1986]. 


oxygen vacancy [Berney and Cowan, 1981]. Also, there are a number of 
fluoride perovskites based upon Fe?* in octahedral coordination 
[Goodenough and Longo, 1970}. 

In the case of MgSiO, perovskite, the difference between the Fe-O 
octahedral bond and the Si-O octahedral bond is approximately 35 (+/- 4) 
pm, reflecting the large size variations permitted by the perovskite 
structure on substitution. The tendency of the iron to partition into the 
octahedral site, in preference to the 8-12 fold coordinated site, 1s likely to 
be due to the highly directional d-orbitals in the valence shell of iron. 


The Fe?* ion in the octahedral site has oxygen ions on-axis with each of 
its d-orbitals, allowing strong o-type bonding within the octahedron. In 
fact, it appears that this affinity of iron for the octahedral site in silicate 
perovskite is large enough to actually force some silicon into the quasi- 
eightfold coordinate site, in a reaction which may be written: 


(Mg, y FeVL.)SiO4-pyroxene ----> 
(Mg, xSiy) VEXI (FeySi} y)VIO,-perovskite, (3) 


where the Roman numerals represent the number of nearest-neighbor 
oxygens surrounding each cation site. The EXAFS data therefore represent 
the first experimental indication for any oxide phase that silicon may 
occur in higher than 6-fold coordination. 

The effect of iron content on the unit cell volume of MgSiO, 
perovskite is shown in Figure 9. The increase in volume of the crystal 
observed on substitution of 20 percent iron for magnesium (occupying the 
silicon site) is only about 0.6%. Similarly, the ratios of the lattice 
parameters, c/a and b/a, change by only a small amount, with the 
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Fig. 9. Expansion of the unit cell volume of Mg-silicate perovskite with 
increasing iron content [Yagi et al., 1978b; Ito and Matsui, 1978; Liu, 
1975, 1976; Knittle et al., 1986]. The stippled region indicates the unit 
cell volume and its uncertainty, as given by Jeanloz and Thompson 
[1983]. The Mgg9sFeg.95SiO3 point of Liu [1976] is the calculated 
composition of a perovskite run-product synthesized from 
(Mgg5Feg3),SiO, starting material. The calculation assumes 
stoichiometric decomposition to an iron-bearing perovskite of this 
volume and a magnesiowüstite whose 1-bar lattice parameter indicates a 
stoichiometry of Feg «sMgo 45O [Rosenhauer et al., 1975]. The arrow 
pointing from the higher iron concentration point of Liu [1976] indicates 
that this perovskite may be of lower iron content than his pyroxene 
stoichiometry starting material: (Mg,Fe)O magnesiowiistite of unknown 
composition was present within his samples. 


structure becoming slightly less distorted on iron substitution (Figure 
10). Both of these observations are, we believe, reconcilable with the 
presence of comparatively large iron octahedra and with silicon ions being 
located in distorted sites of quasi-eight-fold coordination. That only small 
changes in unit cell volume accompany substitution of iron dictates that 
major internal distortions must occur within the unit cell of iron-bearing 
silicate perovskite. 

It is notable that no silicate perovskite has been synthesized with an 
iron content greater than that corresponding to a formula of 
Mgp j;sFeo 559104 [Yagi et al., 1978b]. For synthesis runs with 
somewhat higher iron content, mixtures of magnesiowüstite, stishovite 
and magnesium-rich (= Mgoss) perovskite are produced. It appears that 
the substitution of iron in quantities greater than 0.25 percent of the 
silicon content results in destabilization of the perovskite structure. That 
iron destabilizes the perovskite structure is also indicated by the strong 
tendency for iron to partition into any coexisting magnesiowustite: the 
distribution coefficient (Kpyjmy,) is 0.08 (+/-0.03) [Bell et al., 1979; 
Ito and Yamada, 1982]. 

These observations, combined with our earlier conclusion that there 
must be internal distortions associated with iron octahedra, suggests the 
presence of neighboring iron-bearing octahedra causes the silicate 
perovskite structure to break down. That is, the structure tolerates 
octahedral divalent iron as long as the Fe content is sufficiently low 
(x«0.25 in Equation 3) that two iron octahedra are not present within the 
endmember Pbnm (Z-4) unit cell. If correct, this model implies that 
iron is likely to be ordered within the silicate perovskite structure. 
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Fig. 10. Ratios of silicate-perovskite unit-cell parameters, c/a and b/a, 
as functions of iron content. The symbols and references are identical to 
those used in Figure 9. The addition of iron into the site normally 
occupied by silicon, increases all of the lattice parameters of perovskite 
and slightly decreases the lattice parameter ratios. Although the difference 
in the bond lengths of Si-O and Fe-O are large (178 pm versus 214 pm), 
there is only a 0.1 percent change in the b/a and c/a ratios. This 
indicates that the enlarged iron-bearing octahedron is accomodated by 
internal distortions within the unit cell, but-these do not significantly 
change the extcrnal distortion of the unit cell as measured by the lattice 
parameter ratios. 


The suggestion that there are no shared oxygens between iron octahedra 
is similar to a long-standing empirical rule concerning the structural role 
of tetrahedral aluminum in silicate glasses and minerals [Lowenstein, 
1954]. We accordingly refer to this as “iron avoidance” in silicate 
perovskite. This iron avoidance resolves an apparent discrepancy between 
x-ray structural refinements performed on endmember MgSiO, perovskite 
[Yagi et al., 1978a; Ito and Matsui, 1978; Horiuchi et al., 1987], and 
the transmission electron microscopic observations of Mgy 93F ep o; SiO 
perovskite [Madon et al., 1980]. The latter authors reported that the 
structure of their perovskite sample could only be indexed with a unit cell 
twice as large in every direction (Z=32) as that inferred from the x-ray 
diffraction measurements on endmember MgSiO3-perovskite. Although 
Madon et al. [1988] have suggested that the extra reflections leading to 
this interpretation of their electron diffraction pattern may have been 
caused by twinning within the sample, we note that this new suggestion 
is based on observations of MnGeO,, and not on new data on silicate 
perovskite. Thus, we attribute the apparent structural difference between 
MgSi0,-perovskite and iron-bearing silicate perovskite to the ordering of 
iron defects within the sample containing iron. This would produce a 
unit cell that is twice as large in each direction due to the different 
cantings of alternately placed iron octahedra. 

A possible structural model for the substitution of iron into the silicon 
site in MgSiOs-perovskite is shown in Figure 11. We have expanded the 
central octahedron within the unit cell of orthorhombic (Z=4) perovskite 
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to accomodate the larger radius of the Fe2* ion. This expansion is 
performed in accord with a number of crystal-chemical constraints on the 
nearest-neighbor configurations of ions. First, all Si¥!-O bonds are held 
between 0.178 and 0.180 nm, the range of octahedral silicon-oxygen bond 
distances in MgSiO,-perovskite [Horiuchi et al., 1987]. The FeVI.O 
bonds are similarly constrained to lie between 0.210 and 0.218 nm, as 
dictated by the EXAFS results [Jackson et al., 1987], and all Mg-O 
bonds are 0.200 nm or longer (the shortest Mg-O distance in endmember 
MgSi03-perovskite is 0.2014 nm: Horiuchi et al. [1987]). Furthermore, 
all oxygen-oxygen distances are longer than 0.216 nm., the shortest O-O 
separation in SiO^-stishovite. We have also allowed oxygens to approach 
to within 0.185 nm. of the eight- to twelve-fold coordinated silicon 
displaced by the octahedral iron, in accord with the radius expected for 
silicon in this site based on percentage increases in radii observed in other 
ions for a comparable change in coordination [Shannon and Prewitt, 
1969]. Finally, we have fixed the iron at the center of the orthorhombic 
unit cell. In actual fact, it may be energetically favorable for the iron to 
be off-center within the unit cell (particularly since the octahedron in 
which it sits is in an inherently asymmetric environment, with an eight- 
to twelve-fold coordinated silicon in an adjoining site). In this sense, our 
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Fig. 11a-d. Perspective view of the orthorhombic (Z=4) unit cell of 
MgSiO,-perovskite, viewed perpendicular to the 101 and 011 planes of 
the perovskite structure (11a and b, respectively), and the same 
crystallographic perspectives of our hypothetical structure for an 
Mgp gFep | SiO4-perovskite with the larger Fe2* ion substituting into the 
central octahedral site (11c and d). Note that a silicon ion has been 
substituted into a magnesium site on the left hand side of these cells. For 
more details, sce text. 
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Fig. 12. Comparison of the electrical conductivity inferred for the mantle 
as a function of depth with the upper bound on the conductivity of 
perovskite as measured by Li and Jeanloz [1987]. The upper mantle 
conductivity values are derived from Banks' interpretation of geomagnetic 
variations [1969, 1972] and the lower mantle values are from Ducruix et 
al. [1980]. The error bar on the diagram represents the range of 
published values for the lower mantle. 


model almost certainly represents an oversimplification of the actual 
atomic configuration in silicate perovskite. 

Additionally, our model for the location of iron is not unique; there are 
probably other models which account equally well for the data. Its primary 
purpose is to indicate that the comparatively large iron octahedron can be 
accomodated within the silicate perovskite structure. Perhaps the most 
remarkable aspect of this simulation is that, for the Pbnm (Z=4) 
orthorhombic unit cell, the substitution of iron into the octahedral site 
with silicon entering the dodecahedral site can be accomplished without 
changes in the lattice parameters of the orthorhombic unit cell. Still, our 
model suggests that perovskite is likely to exhibit internal distortions 
which probably differ in sign between nearest-iron neighbors (particularly 
in the canting of the alternately-placed iron-bearing octahedra). This would 
produce a doubling of the unit cell similar to that discussed by Madon et 
al. [1980]. 

According to our model, six-fold coordinated iron could produce such 
unit-cell doubling by two possible mechanisms: 1) ordering of iron 
defects, due to variable cantings of the expanded Fe2+ octahedra, as just 
described; and 2) inter-unit cell distortions. For example, relaxation of the 
oxygen ions around silicon in the eight- to twelve-fold coordinated site 
could change the oxygen arrangement in the neighboring unit cell because 
this silicon polyhedron overlaps between two unit cells. Additionally, the 
expansion of the iron octahedron produces some oxygen rearrangement 
within neighboring unit cells, which could also generate the observed 
doubling of each unit cell dimension on introduction of iron into the 
lattice. 

Finally, we note that as a consequence of our iron avoidance rule, it is 
likely that electron transfer between iron ions, one of the dominant 
conduction mechanisms in iron-rich silicates [Schock and Duba, 1984; 
Bradley et al., 1964], is negligible even at the high temperatures of the 
Earth's lower mantle. In the case of iron-bearing magnesium silicate 
perovskite, we expect the iron ions to be isolated from one another by at 
least one silicon octahedron. This dictates that each iron center is separated 
from its nearest counterpart by more than 750 pm, thus inhibiting 
electron hopping between iron ions. Our expectation of low conductivity 
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in iron-bearing silicate perovskites is in accord with recent measurements 
in perovskite-dominated assemblages under lower mantle conditions 
(Figure 12, [Li and Jeanloz, 1987]). Indeed, the upper bound for 
conductivity derived by Li and Jeanloz is substantially lower than the 
electrical conductivity that has been inferred for the lower mantle from 
modelling of the temporal variations of the geomagnetic field [Ducruix et 
al., 1980]. These results also indicate that ionic conductivity within the 
anion sublattice, which has been proposed to take place in several 
analogue fluoride perovskites [O'Keeffe and Bovin, 1979; Poirier et al., 
1983], does not take place in silicate perovskite at mantle conditions. As 
the observations of ionic conductivity within these analogue perovskites 
has been plausibly attributed to non-intrinsic surface effects [Andersen et 
al., 1985], it appears that ionic conductivity is not significant for 
perovskite within the Earth. 


Kinetics of Perovskite Decomposition 


We next address whether any natural occurances of metastable silicate 
perovskite might occur at the surface of the Earth, and the nature of the 
mechanism by which it could decompose. Figure 13 displays results on 
the back-transformation of (Mgy sgFeg ,2S1O,-perovskite at 1 bar to its 
low pressure polymorph, enstatite [Knittle and Jeanloz, 1987b]. From 
these kinetic data, we obtain an activation energy of 70 (4/-20) kJ/mole. 
This value is a factor of two to seven times smaller than typical 
activation energies determined for creep, diffusion and phase transitions in 
low-pressure silicates. One consequence of this relatively small activation 
energy is that there should be essentially no kinetic hindrance to the 
perovskite phase transition occurring in the Earth's mantle. 

The reversion can be modelled as a conventional nucleation and growth 
reaction, which may be associated with motion of either the Mg or Si 
cations through the faces of their respective polyhedra. Modelling this 
process suggests that the temperature dependence of this mobility is small 
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Fig. 13. Data on the back transformation of (Mg,Fe)SiO, perovskite to 


enstatite at zero pressure. The logarithm of the time of transformation 
(f) versus the reciprocal temperature (7) gives the activation energy of 
transformation as being 70 (+/- 20) kJ/mole [from Knittle and Jeanloz, 
1987b]. 
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Fig. 14. Summary of the high-pressure mineral phases in the olivine and pyroxene-garnet components of an upper-mantle mineral 
assemblage as a function of pressure (left-hand scale) or depth in the Earth (right-hand scale). The coordination number for the 
cations (Roman numerals) is included with the chemical formula for each phase, and demonstrates the increase in cation 
coordination with pressure. The chemical formulae for B-phase and ‘y-spinel are identical to that of olivine [after Jeanloz and 


Thompson, 1983; see also Jackson et al., 1987]. 


[Knittle and Jeanloz, 1987b]. This approach assumes that the cation 
motion is the rate determining step in the decomposition, and we note 
that the destabilization of the structure may be accomplished by simply 
moving each cation in the unit cell by about 0.4 nm over the time range 
necessary to decompose perovskite at a given temperature (Figure 13). 
Our model can apply to decomposition of perovskite at low pressure, or 
to chemical diffusion in perovskite at high pressures. Ionic diffusivities 
derived using these assumptions are less than 10-29 m2/sec, indicating 
that this is unimportant. Also, the Nernst-Einstein relation implies that 
the electrical conductivity due to ionic mobility is orders of magnitude 
less than the bound derived in Figure 12. Therefore, both the absolute 
magnitude and temperature dependence of ionic motion within silicate 
perovskite may be small in comparison with low pressure silicates. 

In the past, considerable excitement has accompanied observations of 
naturally occurring high-pressure phases, such as stishovite within 


meteorite craters and olivine composition spinels within meteorites 
[Chao et al., 1962; Binns et al., 1969]. However, because of the small 
activation energy associated with the back transformation of silicate 
perovskite, neither xenoliths containing silicate perovskite nor impact- 
generated perovskite would survive at 1 bar and 300 K for more than 
about 10? years before reverting to enstatite. 


Silicate Perovskite and the Earth's Lower Mantle 


High-pressure, high-temperature experiments show that the major upper 
mantle mineral phases, olivine ((Mg,Fe),SiO,), pyroxene ((Mg,Fe)SiO3) 
and garnet ((Mg,Fe,Ca)4 Al5Si40,5), all transform to assemblages 
dominated by perovskite-structured silicates ((Mg,Ca,Si)(Si,Al,Fe)O3) at 
the conditions of the Earth's lower mantle as shown in Figure 14 [Liu, 
1979; Akimoto et al., 1977; Yagi et al., 1978b]. To determine the 
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Fig. 15. A comparison of the density of (Mg,Fe)SiO; perovskite at high 
pressures and temperatures with the seismologically determined density 
in the lower mantle as given by PREM [Dziewonski and Anderson, 
1981]. The stippled band represents perovskite densities calculated for 
Mg/(Mg+Fe)=0.80 to 0.95 and temperatures of 2500 +/- 1000 K using the 
data of Knittle et al. [1986] and Knittle and Jeanloz [1987a]. The density 
of perovskite calculated for a wide range of temperatures and iron contents 
is broadly compatible with the observed density of the lower mantle. 


effect of both pressure and temperature on the density of silicate 
perovskite, we calculate a thermal equation of state using an anharmonic 
finite-strain theory of thermal expansion that is fitted to the thermal 
expansion and compressibility data that are summarized above [Knittle 
and Jeanloz, in preparation; Jeanioz and Knittle, in preparation]. A range 
of possible mantle iron contents (Mg/(Mg+Fe) = 0.8 to 0.95: Ringwood 
[1975]) is considered, with Figure 15 summarizing the results. It shows 
that a broad range of silicate perovskite compositions have densities 
consistent with that observed seismically within the lower mantle. This 
observation is in accord with the conclusion drawn from the phase 
equilibrium results that the silicate perovskite phase predominates within 
the lower mantle. 

The melting curve of perovskite measured by Heinz and Jeanloz [1987] 
using the laser-heated diamond cell is shown in Figure 16. Over the range 
of the data, 25-60 GPa, the melting temperature of perovskite is 
unchanged by pressure. Interestingly, the melting temperatures of both 
pyrope and diopside have also been found to be relatively constant at 
pressures above about 8 GPa [Ohtani et al., 1982; Scarfe and Takahashi, 
1986]. The shallowness of the perovskite melting curve indicates that the 
volume change on fusion of this compound is nearly zero, in accord with 
shock-wave measurements which show that the densities of solid and 
liquid silicates tend to approach one another at high pressures [Rigden et 
al., 1984]. Based on recent spectroscopic measurements, we conclude 
that this similarity in densities is caused by a change of oxygen 
coordination around silicon from four to six, as the melt is taken to high 
pressure [Williams and Jeanloz, 1988]. 

The pressure at which the silicon coordination begins to change in the 
liquid may be significantly lower than that at which the crystalline 
polymorphs undergo this change. In effect, the liquid undergoes 
anomalous compression as the pressure-induced change in coordination 
proceeds, thus reducing the volume difference between liquid and solid. 
The low fusion slope of perovskite is then likely to be produced by the 
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Fig. 16. Melting curve of Mgo gFeo , SiO; perovskite plotted along with 
the currently accepted lower pressure phase diagram of MgSiO3 [Kato and 
Kumazawa, 1985]. Solid upward pointing triangles represent the highest 
temperatures observed in solid perovskite at a given pressure, while open 
downward pointing triangles represent the lowest temperatures observed 
with molten perovskite being present. The open square and error bar 
represents an independent determination of the liquid-solid coexistence 
temperature. The two diamonds at pressures of about 20 GPa are 
experimental determinations of the melting temperature of this 
composition at pressures below the perovskite stability field [from Heinz 
and Jeanloz, 1987]. 


close approach in coordination of the solid and liquid phases over a broad 
interval in pressure. At higher pressures, above 60 GPa, we would expect 
the transition from four- to six-fold coordination of oxygen around silicon 
to be essentially complete within the liquid; consequently, the fusion 
slope deep in the lower mantle is likely to become dictated by the relative 
compressibilities of the octahedrally coordinated liquid and silicate 
perovskite, rather than by coordination changes in the melt. 

Because of this change in the relative densities of magmas and their 
coexisting crystals with increasing pressure, neutrally buoyant or even 
negatively buoyant melts may have been present within the deep mantle 
early in Earth's history. It is thus likely that the processes of chemical 
differentiation in the lower mantle and transition zone were markedly 
different than those presently observed at shallower depths, with 
incompatible elements that preferentially partition into a melt phase being 
enriched at depth. 
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Abstract. The single-crystal elastic 
moduli of magnesium metasilicate MgSiO,; 
in the perovskite structure, the highest 
pressure polymorph of MgSi0, pyroxene so 
far synthesized in the laboratory, have 
been determined for the first time under 
atmospheric pressure and 22°C using 
Brillouin spectroscopy. The elastic 
stiffness moduli in (GPa) are: C,,=515, 
C33=525, C33=435, C447179, Cg5-202, 
C66-175, C415-117, C44-117, C24-139. 
resulting isotropic aggregate (VRH) 
adiabatic bulk and shear moduli are 246.4 
and 184.2 GPa, respectively. Overall, 
the large magnitude of the single-crystal 
elastic moduli are consistent with a 
structural-mechanical model where chains 
of rigid SiO, octahedra form a three 
dimensional framework. 

A comparison of the elastic properties 
of the spinel and ilmenite phases with 
those of the perovskite phase suggests 
that the 670 kilometer seismic 
discontinuity may be due to either of 
these phases transforming to the 
perovskite phase. Furthermore, 
comparison of our new elasticity data 
with seismic earth models appropriate 
to the lower mantle reveals that 
petrological models having either 
pyrolite or pyroxene stoichiometries are 
compatible with the experimental data 
only if the shear modulus of MgSiO 
perovskite has a very strong negative 
temperature derivative. Such a scenario 
would result if the perovskite phase is 
exhibiting a transverse mode softening 
(i.e., an acoustic mode instability) 
such as would be associated with a 


The 
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ferroelastic-paraelastic phase 
transition. 

The resolving power of the seismic 
data are examined in terms of the trade- 
offs among the yet undetermined pressure 
and temperature derivatives of the 
elastic properties of the perovskite 
phase. The elasticity data will not be 
useful to distinguish between models of 
mantle chemistry without more information 
concerning the effects of pressure and 
temperature on the elastic moduli. 


Introduction 


over six decades one of the 
of the geophysical community 
elucidate the structure, 
composition and state of the earth's 
mantle. Our primary motivation for 
determining the dynamical properties 
the earth's mantle stems from a simple 
fact: this region alone, accounts for 
about 70% of the mass of the planet. An 
accurate characterization of the dynamic 
behavior of the earth's mantle is thus of 
fundamental importance, if we are to 
place any reasonable constraints on the 
origin, history, convective state and the 
mode of evolution of our planet. Toward 
this end, the variation of seismic wave 
velocities and density with depth are the 
most direct probes for examining the 
structure of earth's interior at depths 
greater than 200 kilometers. 

On the basis of seismic studies the 
earth's mantle can be separated into 
three major parts: the upper mantle, the 
transition zone and the lower mantle. The 
transition zone (extending from ^350-700 
km) is characterized by the presence of 
two major seismic discontinuities, one at 
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depth of 400 km and the other at 670 km, 
and anomalously large velocity gradients. 
On the other hand, in the lower mantle 
(below ^700 km and extending to the D" 
layer) the seismic wave velocities vary 
smoothly and increase continuously with 
depth. These two sharp velocity 
discontinuities are either related to 
gross changes in chemical composition or 
to the presence of structural phase 
transitions occurring within a homogenous 
isochemical mantle. In the absence of 
laboratory data, neither of these two 
proposals can be assessed as to how well 
they account for the observed seismic 
velocity structure. These two differing 
view points, however, lead to completely 
different interpretations regarding the 
dynamic state of the earth's mantle. For 
instance, a chemical discontinuity at 
depth of 670 km would indicate a lack of 
communication between upper and lower 
mantle, suggesting distinct geochemical 
reservoirs and separately convecting 
cells within the earth's mantle. Specific 
mantle models are evaluated by comparing 
calculated acoustic velocities with 
observed seismic velocities. This test 
is enabled when laboratory data provide: 
(1) the equilibrium phase boundaries of 
transitions for mantle candidate 
phases, (2) elastic properties of the 
candidate phases corresponding to mantle 
pressures and temperatures. A successful 
model will satisfy both the magnitude and 
the topology of the seismic 
discontinuities. The elasticity data, in 
conjunction with high-pressure phase 
equilibrium studies, thus allow us to 
construct a seismic profile. By 
comparing the calculated profile to the 
one observed seismically, one can then 
assess the validity of a proposed 
petrological model. 

Over the last two decades 
considerable advances have been made in 
the studies of phase transitions, mainly 
due to the evolution of ultra-high- 
pressure large volume multi-anvil systems 
developed in Japan. These high-pressure 
devices, capable of reaching pressures of 
300 kbar and temperatures in excess of 
2000°C, have also been indispensable for 
the synthesis of single crystals of high 
pressure phases which are of sufficient 
size and quality for physical property 
measurements. The recent synthesis of 
single-crystals of MgSi0, perovskite by 
Ito and Weidner (1986) underscores the 
importance of such high-pressure systems. 

Concurrent with the evolution of high- 
pressure and high-temperature devices has 
been the development of Brillouin 


Perovskite: A Structure of Great Interest to Geophysics and Materials Science 


Vol. 45 


spectroscopy as a powerful tool for 
characterizing the mineral sound 
velocities in microcrystals. This 
technique is not only capable of defining 
the complete set of single-crystal 
elastic moduli for minerals of all 
symmetry systems but is particularly 
useful for defining elastic properties 
for single crystals as small as 50 um in 
size. The recent adaptation of this 
method for measuring the zero pressure 
acoustic properties of the stishovite, 
modified spinel (8), spinel (fT), ilmenite 
and majorite phases—and the 
integration of these data with high- 
pressure phase equilibrium studies has 
provided a much firmer basis for 
interpretation of the seismic velocity 
structure of the earth's transition zone. 

In this way, Weidner and Ito (1987) 
and Bina and Wood (1987) have 
demonstrated that, for example the a to 
B transition in the olivine component of 
the earth's upper mantle can adequately 
describe the 400 km seismic discontinuity 
depending on the yet unmeasured pressure 
and temperature derivatives of the 
elastic properties. Currently, there 
exists much debate regarding the relative 
proportions of candidate mantle phases 
and their pressure and temperature 
derivatives (Bass and Anderson, 1984; 
Anderson and Bass, 1986). Nonetheless, 
such modeling is particularly useful in 
bringing into focus the experimental 
studies which are most needed to better 
constrain the various petrological models 
which are compatible with the seismic 
observations. 

The perovskite phase of (Mg,Fe)SiO,, 
aroused a great deal of excitement in the 
geophysical community when first Liu 
(1976) reported on the disassociation of 
the spinel phase of Mg,SiO, 
(ringwoodite) into perovskite plus 
periclase. Subsequent work by Ito and 
Matsui (1978) confirmed Liu's 
observation. Additional work conducted 
by Ito and Yamada (1981) and Ito et al. 
(1984) not only revealed that the 
equilibrium phase boundaries of the 
spinel to perovskite plus MgO and the 
ilmenite to perovskite transitions, 
occurs in a pressure interval which is 
comparable to that of the 670-km seismic 
discontinuity, but that volumetrically, 
(Mg,Fe)SiO4 perovskite may be by far the 
most dominant mineral phase under the 
lower mantle conditions. Knittle and 
Jeanloz (1987) provided evidence that the 
stability field of (Mg,Fe)SiO4 perovskite 
persists throughout the pressure- 
temperature regime of the entire lower 
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mantle. The elastic properties of 
MgSiO, in the perovskite structure 
therefore, are not only of central 
importance in evaluating the nature of 
the 670 km seismic discontinuity but for 
further geophysical modeling of the 
earth's mantle. 

The purpose of this paper is three- 
fold. First, we wish to present the 
experimentally determined single-crystal 
elastic moduli of the perovskite phase of 
MgSiO4. Second, we will examine our new 
elasticity data in relation to the 
elastic properties of other compounds in 
the perovskite structure from which some 
additional insights regarding the 
properties of the MgSio phase might be 
gained. Third, we wish to assess the 
resolution that this new data provide in 
distinguishing between the various 
petrological models appropriate to the 
earth's lower mantle, and to further 
underscore the need for the temperature 
and pressure derivatives of the elastic 
properties of the perovskite phase such 
that a better understanding of the 
composition and state of the earth's 
lower mantle can be developed in the 
future. 


Experimental 


Sample description. The single- 
crystals used in this study were grown 
from a melt at a pressure of 27 GPa and 
temperature of 1830°C using a large 
volume high-pressure split-sphere 
apparatus (USSA-5000) at Okayama 
University in Japan. The starting 
material was finely pulverized 
orthoenstatite crystals. Details of 
sample synthesis are given elsewhere (Ito 
and Weidner, 1986). On average the 
crystals were between 50-200 um in 
diameter, optically transparent and 
colorless, and exhibited (110) and (001) 
type growth faces. Each specimen was 
examined for twinning by means of a 4- 
circle X-ray diffractometer and X-ray 
precession photographs. Although the 
majority of the crystals are not twinned 
some of them are. The twinning is 
consistent with a unit cell rotation of 
90° about the c axis, such that the a 
axis in some domains lies parallel to the 
b axis in others. Following Aizu's 
(1970) and Sapreil's (1975) formulations, 
these twin domains actually correspond to 
2 possible orientation states with equal 
and opposite resultant strains, and their 
occurrence is quite common in many 
distorted perovskite-type structures that 
are ferroelastics. Indeed,  ferroelastic 
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transformation is a well documented 
phenomenon in the distorted rare-earth 
orthoferrite and orthoaluminate type 
perovskites, isostructural with MgSio 
(Abrahams et al. 1972; 1974). Inasmuch as 
these domains are energetically 
equivalent, it is very likely, that 
twinning can result, during crystal 
growth, as the crystals minimize their 
free energy by dividing into a suitable 
number of twin domains (Forsbergh, 1949). 
Transparent, twin-free single crystals 
were selected for Brillouin scattering 
experiments. The crystals were oriented 
using an automated, 4-circle X-ray 
diffractometer, and then transferred to 
the Brillouin spectrometer with their 
orientation preserved. 

Acoustic measurements. The apparatus 
for measuring Brillouin spectra has been 
described by Weidner et al. (1975) and 


Weidner and Carleton (1977). We employ an 
argon-ion laser operated in single-mode 
configuration, and a piezoelectrically- 
scanned, Fabry-Perot interferometer in 
triple pass configuration with related 
photon detecting equipment in 90* 
scattering geometry. The oriented 
crystal is mounted on a three-circle 
single-crystal goniometer and is 
suspended in a vial filled with a 
refractive fluid whose index approximates 
that of the crystal. Initially, the 
5145 À line of the argon ion laser was 
used to excite the Brillouin signal. 
However, the perovskite single crystals 
were found to deteriorate in this light. 
Laser light levels as low as 5 mW were 
sufficient to induce local twinning, and 
the migration of these twins eventually 
rendered the crystal opaque. X-ray 
examination of these samples revealed 
that the once twin-free single crystals 
become polycrystalline aggregates after a 
few days of exposure. Moreover, we 
discovered that the speed of this process 
correlated directly with the energy of 
the laser line. The 6471 À line of 
a krypton-ion laser was found to cause 
no damage to the crystals. Acoustic 
velocities of the undamaged perovskites 
obtained from laser lines ranging 
from 4880 À to 6764 À did not show 
any systematic dependence on wavelength. 
Compressional and shear acoustic 
velocities were measured in 26 distinct 
crystallographic directions, yielding a 
total of 34 independent mode velocities. 
The growth faces of the crystal were used 
to correct for the effect of refractive 
index mismatch between the crystal and 
the fluid as outlined by Vaughan and Bass 
(1983). Structural analysis using both 
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Table 1. Acoustic velocities in MgSio, perovskite. 


Wave Normal! Vp (m/s) Vg (km/s)? 

Na Nb No Obs Cal Obs Cal 
0.4901 0.1201 -0.8634 7.00 6.73 
0.8065 0.4459 -0.3882 6.91 6.87 
0.7053 0.7089 -0.0014 6.97 7.00 

-0.9922 0.1245 0.0106 6.99 7.01 
-0.4549 -0.5475 -0.7023 6.91 6.92 
-0.5022 -0.6468 -0.5740 7.00 6.94 
0.4875 0.5316 0.6926 6.88 6.92 
0.5076 0.5527 0.6609 6.96 6.92 
0.5305 0.6264 0.5712 7.14 6.94 
-0.5022 0.2684 0.8220 7.00 6.81 
0.1926 0.1992 -0.9608 6.83 6.94 
-0.7071 0.7071 0.0025 10.89 10.97 6.85 7.00 
0.0500 0.5008 -0.9975 10.38 10.30 6.95 7.00 
0.9983 0.0139 0.0560 6.49 6.53 
0.8892 -0.0209 0.4570 6.40 6.55 
0.0352 0.9992 0.0206 6.52 6.61 
0.0642 -0.9978 0.0134 11.20 11.30 6.48 6.61 
-0.0516 -0.7917 0.6087 6.80 6.72 
-0.0680 0.9440 0.3229 11.38 11.24 6.62 6.54 
-0.0591 -0.9894 0.1324 11.17 11.29 6.61 6.60 
-0.0542 -0.8732 0.4843 11.32 11.16 
-0.0317 -0.4291 0.9027 10.54 10.57 6.40 6.47 
0.9960 0.0878 0.0160 11.15 11.19 6.98 7.01 
0.5310 0.0232 0.8471 6.54 6.64 
0.7761 0.0283 0.6300 6.55 6.60 
0.0314 -0.0375 0.9988 10.23 10.29 6.58 6.61 


RMS ERROR = .11 km/s; No of Data = 34 


1. Wave Normal is given in terms of the direction cosines of the 
a, b and c crystallographic axes. 


2. The polarization of the shear waves are known. 


powder and single-crystal specimens have predicted aggregate elastic properties 
revealed that under ambient conditions are given in Table 2. These data were 
magnesium metasilicate perovskite has obtained from 4 crystals. 

orthorhombic symmetry (Horiuchi, 1987; 

Ito and Matsui, 1978). Therefore, a total Discussion 

of nine independent elastic moduli are 

needed to completely define its elastic The perovskite structure and 
properties. The linearized inversion ferroelasticity. The perovskite 

method of Weidner and Carleton (1977) was structure is found in an overwhelming 
used to determine the elastic moduli number of compounds with ABX 

from the observed velocities. For modulus stoichiometry. The ideal cubic structure 
determination, the density of 4.108 g/cm is illustrated in Figure 1. This 
reported by Ito and Matsui (1978) was structure can be imagined as network of 
adopted. The root-mean-square deviation regular BXg octahedra linked by their 
of the final model from the observed corners that extend symmetrically in 
velocities is .11 km/s (Table 1). The three dimensions. The A cation occupies 
single-crystal elastic moduli, and the the cubical cavity formed by the eight 


calculated uncertainties along with the octahedra and each is surrounded by 12 
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Table 2. Single-crystal elastic moduli of 
MgSiO4 perovskite. 


Ciz (GPa) Sjj (GPa 1j 
11 515(5) -00212 
22 525(5) .00214 
33 435 (5) .00261 
44 179 (4) .00557 
55 202(3) .00494 
66 175(4) .00570 
12 117(5) -.00035 
13 117(5) -.00046 
23 139(6) -.00059 


Aggregate elastic properties (GPa) and 
acoustic velocities (km/s). 


Voigt Reuss Hill 
K 247.10 245.70 246.4(5.0) 
H 184.90 183.50 184.2(4.0) 
Vp 10.96 10.92 10.94 
Vs 6.71 6.68 6.69 
Vo 7.75 7.73 7.74 
Density = 4.108 g/cn? 


Linear Compressilities (GPa^1): 
B4-0.00131; 8,-0.00120; B,=0.00156 
Refractive indices: 


ng-1.722:ng-1.724:n,-1.738. 


nearest neighbor oxygens (Glazer, 
1972;1975). The cubic structure 
however, is found only in a few 
compounds. Due to variations in ionic 


size and small displacements of atoms, the 


actual structure found in a majority of 
perovskites is a pseudosymmetric variant 
(hettotype) of the ideal (aristotype) 
arrangement, resulting from small 
distortions of the unit cell and 
reduction of the overall symmetry (Megaw, 
1973). The above structural description 
is also applicable to MgSiO, perovskite, 
where under ambient conditions, with 
rotation and tilting of SiO, octahedra, 
it resides in an orthorhombically 
distorted structure. Such distortions 
from the ideal structure often have 
profound effects on the physical 
properties. It is to such distortions 
that, cooperative Jahn-Teller, 
ferroelectric, ferromagnetic, and 
ferroelastic properties of perovskites 
have been ascribed (see for example, Rao 
and Rao, 1977). In fact, a great number 
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of  perovskite-type compounds (for 
example, SrTiO}, BaTiO}, PrA104,, SmA103, 
GdA104,, NaMgF4,, KMnF4) undergo a variety 
of structural phase transitions to higher 
symmetry phases with increasing 
temperature (Venkataramann, 1979). 
These transitions are primarily driven by 
condensation of either zone-boundary or 
zone-center phonon modes, representing 
different senses of rotation of the anion 
octahedra about their respective axes 
(Figure 1). In addition to softening of 
optic and acoustic modes, in many cases 
parallel anomalous behavior in thermal 
expansion and specific heat also occurs. 
As cited previously, the rare-earth 
orthoferrite and orthoaluminate 
perovskites, isostructural with MgSiO,, 
have been found to be ferroelastics. 
Based upon the observed twin domains 
and the ease by which untwinned 
crystals are twinned, we predict that 
MgSiO4 can be also classified as a 
ferroelastic phase. Ferroelastic refers 


to materials which possess at least two 
and have a 


stable orientation states, 


a 


Fig 1. Three dimensional view of the 
ideal perovskite structure, illustrating 
chains of BX, octahedra. The rotations of 
these octahedra about their respective 
axis (as shown by the arrows) results in 
the distortions of the unit cell and the 
reduction of the overall symmetry from 
cubic. 
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2o 2b 


C jj (arbit.units ) 
Cjj (arbit.units) 


o 


i 


Tc 


Fig 2. Schematic representation of e, and 
the elastic stiffness modulus as a 
function of temperature for ferroelastic- 
paraelastic type transition for both 
first order ( Fig. 2a) and second order 
(Fig. 2b) phase transition. T, denotes 
the temperature of transition. Note that 
in either case the soft elastic modulus 
becomes stiffer upon further progression 
from the temperature of transition. 


s 


nonzero magnitude of some component of the 
spontaneous strain tensor in the absence 
of an external force field (Aizu, 1970). 
To this end, ferroelastics are a subgroup 
of ferroic phases, as are ferromagnetics 
and ferroelectrics (Aizu, 1981). 
commonly, for crystals exhibiting 
ferroelastic transformations, there exists 
a high-symmetry, high-temperature 
idealized phase called the paraelastic or 
the parent phase. In this phase, by 
definition the magnitude of spontaneous 
strain, es: is equal to zero for 
temperatures above To, the ferroelastic- 
paraelastic transition temperature 
(Salje, 1985; Sapriel, 1975). Upon 
cooling below Te, Some of the symmetry 
elements of the parent phase are lost 
(via small distortions of the lattice) 
and the transition to a ferroelastic 
phase occurs having a nonzero 

magnitude of e.. 

The onset of these orientation states 
(twin domains) is thus related to the 
distortions from the parent phase, and 
the magnitude of spontaneous strain is a 
measure of the degree of this distortion 
relative to the parent structure. If 
the crystal is further classified as a 
proper ferroelastic, then e becomes the 
order parameter inferred in Landau's 
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phenomenological theory of structural 
phase transitions (Cowely, 1980; 
Venkataramann, 1979). For such crystals, 
as T, is approached from above or below, 
the Tattice becomes increasingly unstable 
with respect to variations in at least 
one of the elements of the strain tensor, 
causing a divergence or "softening" of a 
particular component of the elastic 
stiffness tensor whose stiffness modulus 
is governed by that strain. For true- 
proper ferroelastics the soft mode is the 
acoustic phonon whose frequency and 
acoustic velocity tends towards zero as 
Toe is approached (Cowely, 1976; Taledano 
and Taledano, 1980). Figures 2a and 2b, 
illustrate the expected behavior of e 
and the elastic moduli as function 
temperature for first and second order 
transitions. 

In order to define correctly the form 
of the strain tensor in the ferroelastic 
phase it is essential to know the space 
group and/or the point group symmetry of 
the paraelastic phase. The most common 
way of determining the symmetry is 
through high-temperature X-ray, 
structural analysis. In absence 
of such data, or if the crystal melts or 
disassociates before the critical 
temperature of transition is reached, the 
study of domain walls can be instrumental 
in deducing the symmetry of the 
paraelastic phase (Dvorak, 1978). 
Furthermore, theoretical and experimental 
study has shown that the resultant 
lattice strain (formation of domain 
walls) in the low-symmetry ferroelastic 
phase is the manifestation of the 
freezing in of the soft modes just below 
To. This indicates that the 
crystallographic directions in which the 
domain walls are found can be used to 
obtain the displacement and propagation 
directions of the soft acoustic modes 
which have condensed in these walls 
(David, 1983 and the references therein). 

In the following, we wish to examine 
the consequences of ferroelasticity on 
the elastic properties of several oxide 
perovskites. Our objective is to put 
forth a hypothesis that might explain the 
trends observed in the elastic properties 
of these crystals, from which 
additional insights regarding the 
behavior of MgSiO4 might be gained. We 
have selected the orthoaluminates for 
this comparison for several reasons: (1) 
to our knowledge they are the only 
crystals that have the same space group 
as MgSiO, for which single-crystal 
elastic moduli exist, (2) they are 
structurally very similar to MgSi03, and 
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Table 3. Single-crystal elastic 
properties of several oxide perovskites. 


SmA104l Gdalo,+  scA104!  Mgsio, 

0) 3) (0 (2 (0 (2 (a) (2) 
11 403 334 391 336 424 438 515 493 
22 328 334 302 336 420 438 525 493 
33 334 334 343 343 395 395 435 435 
44 152 148 155 148 179 154 179 190 
55 144 148 142 148 129 154 202 190 
66 94 125 101 112 163 146 175 201 
12 115 146 124 134 129 112 117 143 
13 147 125 154 140 174 186 117 128 
23 103 125 126 140 198 186 139 128 
Distortion Parameters.? 
5. 2.49 8.02 19.35 14.35 
$ 0.0 3.97 14.75 11.70 


(e)? 7.0x107* 7.4x107? 4.1x107? 2.2x107? 


1. Data from Bass (1984). 

2. The tilt angles were calculated using 
the relation: $-cos -a/b ; and 
$-cos^| J/2a/c. 
3. The magnitude of e, at ambient 
conditions was calculated using the 
convention of Aizu (1970) for the 
ferroelastic species m3mFmmm. 


(3) they offer an extended range of 
lattice distortions from cubic 

symmetry which makes them useful 
candidates for elucidating the effects of 
structural strains on elasticity. 

In Table (3) we give the single 
crystal elastic moduli of SmA10.,, GdAlO 
MgSiO, and ScA103 perovskites. Note tha 
for each crystal two sets of elasticity 
data are presented. The single-crystal 
elastic moduli listed under column (1) 
correspond to the orthorhombic coordinate 
system, while those listed under column 
(2) have been rotated by 45° to coincide 
with the pseudocubic coordinate system. 
Our observation are summarized as 
follows: (1) For Sm and Gd orthoaluminate 
perovskites we note that the difference 
between the pure compressional moduli 
C44 - C2% is large in the orthorhombic 
coordinate system. By contrast, the 
moduli C41 and C55 are very similar in 
magni tide: for sckio, and MgSiO,. In the 
rotated coordinate system (column 2), 
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even though C,, and Co are forced to be 
equal, C33 is very similar to them for 
all materials and the elastic moduli and 
have a pseudocubic form. 

(2) As seen in Table 3 (column 1) 
modulus Cgg decrease significantly upon 
going from ScA104, to SmA1O 

(3) Overall, the relative magnitudes 
of the single-crystal elastic moduli of 
the two least distorted perovskites, 
SmA103 and GdAl10,, display a pattern 
which? deviates far from cubic symmetry 
(that is, C1170€227€45, and so on), while 
the pattern observed in the elastic 
moduli of the two most distorted 
perovskite, MgSiO4 and ScA10,, have the 
appearance of pseudocubic symmetry. 
Thus, the departure from cubic symmetry 
of the elastic moduli seems to increase 
substantially with decreasing degree of 
structural distortion from cubic 
symmetry. 

A physical interpretation of the 
behavior described above, can be 
afforded on the basis of Landau's theory 
of phase transitions, and as 
schematically illustrated in Figures 2a 
and 2b. For this analysis, however 
several assumptions are required. First, 
we have assumed that the space group of 
our hypothetical parent phase is Pm3m. 
The highest conceivable space group for 
all perovskite-structured compounds. In 
fact, Coutures and Coutures (1984) have 
observed that as a function of 
temperature, SmA10, ultimately transforms 
to a cubic phase. The crystallization of 
the orthoaluminates and MgSiO4 in the 
orthorhombically distorted perovskite 
structure, space group Pbnm, can be 
imagined as a reduction in the symmetry 


operations of our parent phase. These 
perovskites thus belong to the 
ferroelastic species m3mFmmm, and the 


form of the strain tensor is given by 
Aizu (1970). The calculated magnitude of 
spontaneous strain at ambient conditions 
for each of the 4 perovskites considered 
is also listed in Table 3. Another key 
assumption in our analysis is that the 
progression from ScA10, to SmA104 is 
equivalent to raising the temperature 
towards Te since the degree of distortion 
from cubic symmetry decreases 
systematically. This assumption is 
required since at this time no data 
exists on the temperature dependencies of 
the single-crystal properties of these 
crystals. 

As can be seen, the magnitude of e 
very small for SmA104, and GdAlo, (Table 
3). In the case of MgSi0, and SCA103, 


however, eg is quite large. On a 
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comparative basis, therefore, it is very 
likely that the small magnitude of e 
has lead to a certain degree of 
pretransitional "softening" of the 
elastic properties of Sm and Gd 
orthoaluminate perovskites, thus giving 
rise the observed divergence of moduli 
C44, and C55 and the reduction in Cgg. 
No such "softening" however, is observed 
in ScA104 and MgSio,, consistent with the 
large magnitude of e. for these material. 
Therefore it can be argued that the 
crystals of SmAl1O4, and GdAlO have 
become increasingly more uns E with 
respect to strain of the type and/or 
x (in the cubic ecard inate *Xvstem), 
than Those of MgSi0, and ScA103. 

The crystallographic directions in 
which the twin domains are found in 
SmA103, GdAl0, and MgSiO4, is consistent 
with the displacement and propagation 
directions of acoustic velocities which 
correspond to these elastic moduli. 
Although we do not find anomalous 
behavior in the zero-pressure and room- 
temperature elastic properties of MgSiO;, 
we speculate that it is quite Gonceivable 
that MgSi0, perovskite may exhibit 
critical shear-mode softening at 
elevated temperatures. In fact, recent 
theoretical calculations of Wolf and 
Bukowinski (1987) support this proposal. 
A surprising observation that we make is 
that MgSiO, has a large value of the 
shear modulus under ambient conditions. 
This high value may have significant 
geophysical implications. As will be 
discussed below an extremely 
strong temperature dependence of the 
shear modulus is required if we are to 
extrapolate the elasticity data from 
ambient conditions to mantle temperatures 
and pressures. 

Comparison With Previous Results. 
While these are the first reported 
velocity measurements for the perovskite 
phase of MgSi03, there have been both 
theoretical and experimental studies in 
determining the elastic properties of 
this phase to which our data can be 
compared. 

Pressure-volume data for perovskite 
have previously been reported by Yagi et 
al. (1982), Knittle and Jeanloz (1987) 
and Kudoh et al. (1987). The isothermal 
bulk modulus Kp and the assumed value of 
its pressure derivative K'm, along with 
our new bulk modulus, Ke are summarized 
in Table 4. No correction was made in 
converting our adiabatic bulk modulus to 
isothermal conditions. Toa first 
approximation, at room temperature the 
term (1+Tar) needed for the conversion of 
K, to Kp, can be taken as unity. 
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Table 4.Bulk modulus (GPa) and pressure 
derivative of bulk modulus. DAC=Diamond 
anvil cell. Max.press= Maximum pressure 
attained. 


K Kt Max.Press Method Ref 
258+20 3-5 8.2 (GPa) DAC (1) 
26646 3.9 127 (GPa) DAC (2) 
247414 4 9.6(GPa) DAC (3) 
246.445 --- 0.1 (MPa) (4) 
1. Yagi et al. (1982). 


2. Knittle and Jeanloz (1987). 
3. Kudoh et al. (1987). 
4. This study. 


Overall, the results of these experiments 
compare reasonably well with our value. 
When comparing these data to each other, 
however, several points must be taken 
into consideration. First, the pressure- 
volume relations reported by Yagi et al. 
(1982) and Knittle and Jeanloz (1987) 
were determined using polycrystalline 
specimens of composition MgSiO4 and 
(Mggg,Fe425)5S105, respectively. In 
principle, the bulk modulus can be 
determined by differentiation of the 
pressure-volume curve obtained from 
powder X-ray diffraction data. However, it 
is important to emphasize that the 
resolution of the data must be extremely 
high to allow the determination of the 
bulk modulus and its pressure derivative 
with any degree of certainty, for 
materials that have a large bulk modulus 
such as MgSi0, perovskite. Second, it is 
common practice to assume a value for 
dK/dP and then fit the pressure-volume 
data via an equation of state to obtain 
the bulk modulus. Thus, different 
assumptions of dK/dP give rise to 
different values for the bulk modulus. 
For a review of the sources of error that 
may affect the determination of K and K' 
from the differentiation of pressure- 
volume data see the work of Bass et al. 
(1981) and Bell et al. (1987). 

The bulk modulus reported by Kudoh et 
al. (1987), however, was determined using 
single- crystals of composition MgSio3. 
The specimens used by the latter 
investigators were from the same 
synthesis run as the crystals used in our 
study. In fact, the bulk modulus, the 
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trends, and the magnitudes of the linear 
compressibilities reported by these 
authors are in close agreement to our 
results (Table 2). 

Several previous investigators have 
attempted to estimate the elastic 
properties of magnesium silicate 
perovskite via empirical elasticity 
systematics. In Table 5, we summarize 
and compare the elastic properties of 
variety of compounds in the perovskite 
structure to those obtained from this 
study. It is clear from this table that 
the shear modulus of the MgSiO4 
perovskite is by far much larger than 
that observed in other oxide perovskites. 
On the basis of single-crystal structural 
refinements, Horiuchi et al. (1987) 
suggest that the structure of MgSiO4 can 
be represented as being only composed of 
chains of rigid and relatively regular 
Sid, octahedra that extend in three 
dimensions. To a first approximation, 
such an arrangement should inherently 
result in a lack of substantial degree of 
anisotropy in the elastic properties. 
Furthermore, following structural- 
mechanical formulations  (Weidner et al. 
1982) it is expected that such an 
arrangement would lead to an elastically 
stiff structure, inasmuch as it would be 
very hard to deform chains of SiOg 
octahedra that form the three dimensional 
framework. Inspection of the single- 
crystal elastic moduli of Table 2 reveals 
that this is indeed the case. The 
extremely large magnitudes of the single- 
crystal elastic moduli attest to the fact 
that silicon octahedron is indeed quite 


Table 5. Aggregate elastic (GPa) and 
acoustic velocities (km/s) for several 
compounds with perovskite type crystal 


structure. 

K H Vp Vs K/ķu Ref 
MgSiO4 246 184 10.93 6.70 1.34 (1) 
SmAlO, 198 123 7.7 4.14 1.60 (2) 
GdAlO, 203 120 7.44 4.02 1.69 (2) 
ScA1l10, 249 140 10.08 5.72 1.77 (2) 
CaTio, 177 104 8.84 5.07 1.70 (3) 
CdTiO4 212 98 8.36 3.99 2.16 (3) 
CaGeO, 198 109 8.15 4.59 1.81 (3) 
SrTio, 174 117 8.03 4.77 1.49 (4) 
1. This study. 
2. Bass (1984). 
3. Liebermann et al. (1977). 
4. Bell and Rupprecht (1963). 
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stiff under compression and shear. 
Consequently, this property leads to an 
extremely large shear modulus for MgSi0, 
perovskite as compared with analogue 
compounds. Moreover, the high shear 
rigidity of the SiO, octahedra is best 
reflected in the ratio of bulk to shear 
modulus, K/u. By comparison, this ratio 
is about ^12 to “60% smaller for MgSio, 
perovskite than is for other oxide 
perovskites (Table 5). This behavior is 
consistent with previous observations on 
the elastic properties of stishovite, 
SiO, (Weidner et al. 1982) and ilmenite, 
MgS103, (Weidner and Ito, 1985) where 
silicon is in 6-fold coordination and 
which also exhibit a large shear modulus 
as compared with their analogue 
counterparts. On the basis of bulk 
modulus systematics, however, Liebermann 
et al. (1977), were able to accurately 
estimate the bulk modulus of MgSio, 
perovskite. 

Recently, Cohen (1987) predicted the 
single-crystal elastic moduli of MgsSio, 
perovskite using the potential induced 
breathing model. The high value of the 
shear modulus and the aggregate elastic 
properties predicated by the PIB model 
are in agreement with our experimental 
data. According to Cohen (1987) 
and Hemley et al. (1988), the PIB 
model can yield pressure derivatives 
of the elastic moduli that are rather 
accurate. With the inclusion of our new 
data, it may now be possible to improve 
the PIB model such that more accurate 
pressure derivatives of the elastic 
moduli of MgSiO4 can be determined in the 
future. 

The 670-km Seismic discontinuity . 
The 670-km seismic discontinuity which 
separates the upper from the lower mantle 
has often been associated with the break- 
down of the spinel phase of (Mg,Fe)5SiO, 
to perovskite plus magnesiowustite, and 
the transformation of the ilmenite phase 
to perovskite. Table 6 compares the 
aggregate elastic properties (VRH) of the 
spinel phase of Mg5SiO, and the ilmenite 
phase of MgSio, to those of MgO and the 
perovskite phase of MgSiO4 under ambient 
conditions. As can be seen from this 
table, the transformation of ilmenite to 
perovskite is associated with an increase 
of ~8% in the compressional and ~13% in 
the shear wave velocities. By the same 
token, the disproportionation of the 
spinel phase to perovskite plus MgO 
increases the longitudinal and the shear 
wave velocities, by ~9% and "14$, 
respectively. Both of these phase 
transformations can contribute to the 670 
km seismic discontinuity. Furthermore, 
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Table 6. Isotropic aggregate elastic 
properties (VRH), of spinel, ilmenite, 
periclase and perovskite. V, = 
longitudinal velocity; V= shear 
velocity; K = bulk modulus; p= shear 


Modulus. 

spinel ilmenite MgO perov. 
Vp (km/s) 9.79 10.11 9.70 10.94 
Va (km/s) 5.77 5.90 6.05 6.69 
K (GPa) 184 212 163 246.4 
l (GPa) 119 132 131 184.2 


the transformation of complex garnet 
(majorite) to perovskite, which occurs over 
a broader pressure interval would 
significantly add to the complexity of 

this discontinuity (Ito and Takashi, 

1987). 

Compositional models of the earth's 
lower mantle range from pyrolite (silica 
poor) to pyroxene (silica rich) 
stoichiometries. Under lower mantle 
conditions, this variation corresponds to 
petrological assemblages of 80% (by 
volume) perovskite with 20% 
magnesiowustite to pure perovskite. 

Tests of compositional models can be 
afforded by comparing the elastic 
properties implied by the compositions 
with those inferred from seismology. 
While a large data base is available for 
the temperature and pressure variation of 
the elasticity of magnesiowustite, we 
have insufficient data to extrapolate the 
perovskite data from ambient conditions 
to mantle pressures and temperatures. If, 
in fact, our proposal regarding 
ferroelastic phase transitions in the 
perovskite phase is true, then there is 
no justification in accurately predicting 
the temperature and pressure derivatives 
of the elastic moduli from empirical 
systematics (because no detailed 
experimental elasticity studies have been 
performed through these transitions) 

at this time. 

Instead, we have chosen to calculate the 
combinations of (du/dT)p, (du/dP)g, 
(dK/dP) and. (dK/dT) p for the perovskite 
phase which are required to match the 
elastic properties of the PREM model 
(Dziewonski and Anderson, 1981) at the 
depth of 1071 km, for both the pyrolite 
and the pyroxene compositional models. 
The results are illustrated in Figure 3, 
assuming a ratio of Mg/(Mg*Fe) of 0.9 and 
an adiabatic mantle temperature gradient 
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which is 1400*C at zero pressure. It is 


clear form this figure that differences 
between the pyrolite and pyroxene lower 
mantle models are very difficult to 
resolve on the basis of the existing 

In fact, very 
and temperature 


elastic properties. 
accurate pressure 


3a 


I 
m 


QK/àT xio7 * Mb/K 


-4 


OLn/OTXIO Mb/K 


.8 2.4 


OH /aP 
Fig 3. Trade-off curves for various 
compositional models of the earth's lower 
mantle. Filled triangle= pyrolite; open 
square= chondrite; filled square= 
pyroxene. Figures 3a and 3b illustrate 
these curves for (dK/dT) vs (dK/dP), 
and (du/dT)p vs (du/dP)g. The stippled 
area on the vertical axis denotes the 
range of temperature derivatives for 
various silicate phases. The region 
hatched as "Mantle" illustrates the 
pressure and temperature dependence of 
the bulk and shear moduli for these 
petrological models which are required to 
match the elastic properties of the PREM 
model, at the depth of 1071 km. 
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derivatives of the elastic properties of 
the perovskite must be measured in order 
to choose one composition in favor of the 
other. 

The variation of the elastic modulus 
with depth can be expressed as an 
adiabatic pressure derivative if indeed 
the temperature profile at that depth is 
adiabatic. Those pressure derivatives 
deduced from the PREM model are 
illustrated as hatched areas in Figure 3. 
The stippled region on the y axis, 
denotes the range of temperature 
derivatives for various silicate 
minerals. Additionally, in Table 7 we 
compare the zero pressure elastic 
properties of the perovskite phase to 
the elastic properties deduced from the 
PREM model at depth of 1071 kilometers. 
We have selected this depth for our 
comparison so as to avoid the complexity 
of velocity gradients in the vicinity of 
the 670-km discontinuity (Walck, 1984). 
We feel that, at this depth the 
mineralogy of the earth's lower mantle 
should be primarily dominated by an 
assemblage of pure perovskite to 
perovskite plus magnesiowustite. In both 
Table 7 and Figure 3 we note that, the 
pressure and temperature dependence of 
the bulk modulus which is required to 
match the seismic data are very similar 
to what would be expected on the basis of 
behavior of other silicates. On the 
other hand, the required magnitude of the 
temperature derivative of the shear 
modulus of perovskite is several times 
greater than is normally observed. We 
speculate that such a large negative 
value results only if the mantle 
temperature is sufficiently close to that 
required for a paraelastic-ferroelastic 
phase transformation as to induce 
significant transverse mode softening. 


Table 7. Comparison of the zero pressure 
elastic properties of MgSiO4 perovskite 
to the elasticity data deduced from the 
PREM model at depth of 1071 km. 


PREM perovskite 

Depth (km) 1071.00 0.000 
Vp (km/s) 11.5522 10.94 
Ve (km/s) 6.4074 6.69 

K (GPa) 363.70 246.4 

p (GPa) 189.70 184.2 
dK/dP 3.60 

du/dP 1.36 
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This conclusion is independent of the 
assumed bulk composition of the mantle. 
Such behavior would also explain the 
large variation of shear velocity 
relative to longitudinal velocity (i.e., 
dlnVg/dlnVg) as observed by tomography, 
since the shear modulus would be much 
more sensitive to lateral variations in 
temperature than would the bulk modulus. 
If in fact, the perovskite phase in the 
earth's lower mantle is suffering from 
such strain induced phase transitions the 
geological implications could indeed be 
far-reaching as we could expect anomalous 
behavior in thermal expansion, heat 
capacity, and diffusion controlled 
properties such as electrical 
conductivity and rheology. 


Summary 


The nine adiabatic single-crystal 
elastic moduli of MgSiO4 in the 
perovskite structure, now widely accepted 
as the most abundant mineral phase in the 
earth's mantle, have been determined 
under ambient conditions for the first 
time. The large magnitude of the elastic 
moduli indicate that silicate perovskite 
is significantly stiff under compression 
and shear. The high value of the shear 
modulus of perovskite is geophysically 
interesting, since it signals that an 
extremely large negative temperature 
derivative of the shear modulus is needed 
to match the mantle values. Furthermore, 
our data also imply that the 670-km 
seismic discontinuity can be associated 
with either the ilmenite or the spinel to 
perovskite phase transitions, and that 
the compositional models of the earth's 
lower mantle can encompass either 
pyrolite or pyroxene stoichiometries. We 
conclude that, it is very likely that the 
perovskite phase (Mg, Fe)Si0, under the 
lower mantle conditions may be influenced 
by ferroelastic phase transitions to 
higher symmetry phases (e.g., tetragonal 
and/or cubic) which are driven by 
condensation of unstable transverse 
acoustic modes. 
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Abstract. Stability relations of silicate 
perovskite under subsolidus conditions are sum- 
marized for the systems MgO-Si0, and MgO-FeO- 
SiOz, and CaSi03-MgSi0,-Al1,03. The phase bound- 
ary curves of the ilmenite-perovskite transforma- 
tion in MgSi0, and the dissociation of spinel 


into perovskite and periclase in Mg54SiO, are 
P(GPa) = 26.8 - 0,0025T( °C) and P(GPa) = 27.6 - 
0.0028T( °C), respectively, in the temperature 


range 1000°C to 1600?C. In the system MgO-FeO- 
SiO}, perovskite and perovskite-bearing as- 
semblages are stabilized at 1600°C and pressures 
higher than 23 GPa. The maximum solubility of 
FeSi03 component in the perovskite phase is 8 
mol% at 1100°C and 11 mol$ at 1600?C. The iron 
content of magnesiowustite in coexistence with 
perovskite and stishovite also increases from 46 
mol% at 1100°C to 58 mol% at 1600?C. The 
(Mg,Fe)5Si0, spinel phase with iron content of 
less than 22 mol% dissociates into perovskite and 
magnesiowüstite within a quite narrow pressure 
interval (less than 0.15 GPa at 1600°C). In the 
system CaSi04-MgSiO4-A1404,, the stability field 
of majorite was found to expand rapidly towards 
the CaSi04-MgSiO, join in the pressure range 10- 
18 GPa, and to contract towards the grossular- 
pyrope join at pressures higher than 23 GPa, dis- 
sociating MgSiO4-rich perovskite and an unquench- 


able phase (Ca-P) which is diopsidic in 
composition. The complete dissociation of 
majorite, however, requires a fairly large pres- 


sure interval (ca. 3 GPa), and produces a small 
amount of stishovite and an Al404-rich phase in 
addition to the above two phases, Dissociation 
of both spinel and majorite could be responsible 
for the 670 km discontinuity. The spinel reac- 
tion makes the discontinuity very sharp in its 
initial stage, while the majorite reaction 
broadens it in the deeper region. The lower 
mantle mineralogy is inferred to be MgSiO,-rich 
perovskite (70% in volume), magnesiowiistite 


(18%), Ca-P (8%), and trace amounts of stishovite 
and A1-P, for a peridotitic or pyrolitic 
composition, 
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Introduction 
Synthesis of the orthorhombic perovskite 
modification of MgSi0, [Liu, 1976a; Ito, 1977] 
and the dissociation of Mg5Si0, spinel into 


MgSi0, perovskite and MgO periclase [Liu, 1976b; 
Ito, 1977] were important findings of high- 
pressure geophysics in the 1970s. As MgSi0, 
perovskite is stable at pressures higher than 20 
GPa and the perovskite structure is the densest 
known modification of ABO, type compounds, sili- 
cate perovskite has been accepted as a major 
phase of the lower mantle. Therefore, detailed 
knowledge of the stability of perovskite phases 
for systems of mantle composition is indispen- 
sable for better understanding of the 670 km 
seismic discontinuity and the structure of the 
deep mantle. 

In this article, a summary is given of recent 
results of high-pressure experiments on chemical 
systems relevant to the mantle, focusing on the 
stability relations of silicate perovskites, 
Based on these results, comments are made on the 
character of the 670 km discontinuity and the 
mineralogy of the lower mantle, 


Experimental Procedure 


High-pressure and high-temperature experiments 
were conducted using a uniaxial split-sphere ap- 
paratus (USSA-5000) at the Institute for Study of 
the Earth's Interior, in which a cubic tungsten 
carbide assembly is compressed with the aid of a 
5000 ton hydraulic press, Details of the ex- 
perimental procedure are described elsewhere [Ito 
and Yamada, 1982; Ito et al., 1984; Ito and 
Takahashi, 1988]. 

Pressure was monitored using the oil pressure 
of the press and calibrated up to 23 GPa 
(metallic transition of GaP) at room temperature. 
High temperature corrections to the calibration 
curve were made at temperatures of 1000°C or 
higher [e.g., Ito and Takahashi, 1988], based on 
the transition pressures of several silicates, 
all of which are consistent with thermochemical 
data. The accuracy of pressure determinations at 
temperatures higher than 1000°C is probably 
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within +0.5 GPa. More accurate measurement of 
pressure is quite difficult because of the lack 
of a reliable pressure scale under these 
conditions. 

Powdered starting materials were put directly 
into a hollow cylindrical tantalum heater em- 
bedded in the center of an octahedron made of 
semi-sintered magnesia. Experimental temperature 
was monitored with a Pt/Pt-13$Rh thermocouple 
with cold junctions at ambient conditions. No 
correction was made for the effect of pressure on 
the thermocouple emf. The sample was held at the 
desired pressure and temperature for a certain 
duration, and then quenched by shutting off the 
electric power supply. The pressure was then 
released, and the run product was recovered. 

Identification of phases present in the run 
product was made by the X-ray diffraction. Small 
chips next to the thermocouple junction were 
taken out from some run products and examined by 
optical microscope, SEM, and EPMA. 


Stability relations of silicate perovskites 


Mg-silicates 


Ito and Yamada [1982] examined the equilibria 
between ilmenite and perovskite in MgSi03 and be- 
tween spinel and an assemblage of MgSi0, 
perovskite and MgO periclase in Mg5SiO,. They 
demonstrated that the phase boundary curves for 
both reactions have negative slopes (dP/dT- 
-0.002 GPa/deg). They also suggested that the 
two phase boundaries are located close to each 
other. In their experiments, however, the pres- 
sure determinations contain rather large uncer- 
tainties due to the use of baked pyrophyllite as 
a pressure medium [Suito, 1986]. Also Ito and 
Yamada carried out phase identification by ordi- 
nary powder X-ray diffractometry. For proper 
identification, several milligrams of sample were 
needed, and the coexistence of high- and low- 
temperature phases was inevitably observed for 
products quenched at conditions near the phase 
boundary because of the steep temperature 
gradient in a small heater. Therefore, the 
results of their study are not sufficient to 
define the precise locations of the phase 
boundaries. 

Recently Ito and Takahashi [1988] thoroughly 
reexamined both reactions based on the new 
calibrations, using semi-sintered magnesia as a 
pressure medium. In their work, the phases just 
adjacent to the thermocouple junction were 
specifically identified by micro-focused X-ray 
diffractometry using a 100 um diameter beam of Cr 
Ky radiation. Therefore the ambiguity in phase 
identification due to the temperature gradient 
was almost completely eliminated. The phase 
boundary curves thus determined in the tempera- 
ture interval between 1000°C and 1600 C are rep- 
resented by the following equations: P(GPa)-26.8- 
0.0025T( °C) for the ilmenite-perovskite transfor- 
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mation in MgSiO4 and P(GPa)227.6-0.0028T(?C) for 
the dissociation of Mg5SiO, spinel. 


The system MgO-FeO-SiO, 


The effect of the iron component on the phase 
equilibria is an important factor in constraining 
the possible mineralogy of the deep mantle. Liu 
[1976c] first studied the systems MgSiO4-FeSiO 
and Mg58i0,-Fe4SiO, at pressures up to 30 GPa and 
temperatures of 1400-1800 °C, He suggested that 
the perovskite phase is stable for compositions 
ranging from MgSi03 to (Mgg. 3F?6., 71) 8104. Yagi et 
al. [1978] proposed a set of phase relations for 
the system MgO-FeO- Sid, at 1000°C for pressures 
up to 50 GPa. According to their results, the 
maximum solubility of the FeSi0, component in 
MgSi03 perovskite is limited to (Mgg. gFeg Pise d 
with the appearance of (Mgg , 24F90. 76 mag- 
nesiowüstite and stishovite for moré iron-rich 
compositions. Their work, which used a diamond 
anvil cell coupled with a laser heating system, 
was somewhat ambiguous, because the temperature 
measurements had large uncertainties, and because 
the chemical compositions of the phases present 
in the run products were not well-defined. 

We have performed more systematic investiga- 
tions on the systems MgSi03-FeSio, [Ito and 


Yamada, 1982], Mg58iO0, -Fe 28i0 [Ito and 
Takahashi, 1988], and MgO-FeO- gio, Tito et al., 
1984]. In these studies, we have fried to locate 


the phase boundaries accurately by carrying out 
runs on several compositions bracketing the phase 
boundaries closely. 

The psuedobinary diagram of the system MgSiO 
-FeSiO, at 1100°C made by Ito and Yamada [1982] 
is reproduced in Fig. 1. The pressures were 
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Fig. 1 Pseudobinary diagram of the system MgSi0, 
-FeSiO, after Ito and Yamada(1982). Pv: 
perovskite; I: ilmenite; Mw: magnesiowustite; Sp: 
spinel; St: stishovite. 
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reduced by about 1 GPa, consistent with our cur- 
rent calibration [Ito and Takahashi, 1988], and 
the three-phase field of perovskite + mag- 
nesiowustite + stishovite has been shifted 
slightly towards magnesium-rich compositions, 
taking more recent results into account. In the 
magnesium rich compositions, ilmenite and 
perovskite coexist across a narrow transitional 
loop, which widens slightly with increasing iron 
content. The maximum iron content of perovskite 
is 8 mol% at 1100^*C, Neither ilmenite nor 
perovskite is present for bulk compositions more 
iron-enriched than go, 55F90., 45) 8104; instead, 
the coexistence of magnesiowustite and stishovite 


is stable. In the intermediate compositional 
range, the spinel- and ilmenite-bearing as- 
semblages transform into (Mgg. 92Feg, 08) $104 
perovskite, (Mgg | ssFeo. 45)0 magneSiowustite, and 


stishovite, passing through the univariant bound- 
ary at 24.5 GPa. 

Recently Ito and Takahashi [1988] have inves- 
tigated the system Mg5SiO,- Fest dps The phase 
relations determined at 1100°C and 1600°C are 
shown as the psuedobinary diagrams in Fig. 2. At 
1100°C, a spinel phase with compositions from 
Mg SiO} to (Mgg. 78F€0. 22}25104 dissociates into 
perovskite and magnesiowüstite, with a narrow 
transitional loop. The spinel phase decomposes 
into magnesiowüstite and stishovite for composi- 
tions more  ion-rich than (Mgg 54Feg, 46) 28104. 
The univariant boundary is located at about 24.5 
GPa and is observed for a compositional range 
from Fe/(Mgt+Fe)=0.22 to 0.46. The compositional 
relation in the three-phase field of perovskite + 
magnesiowustite * stishovite is identical to that 
in the MgSiO4,-FeSiO, system. 

The overall topology of the phase boundaries 
at 1600°C is similar to that at 1100?C. However, 
all phase boundaries of perovskite-forming reac- 
tions shift towards both lower pressures and 
higher Fe/(MgtFe) ratios with increasing 
temperature. 

Fig. 2 shows that the pressure value of the 
univariant reaction is very close to that for the 
dissociation of Mg4SiO, spinel and that the three 
phase loop of spinel + perovskite + magnesiowus- 
tite is quite narrow. Ito and Takahashi [1988] 
Showed that the dissociation of go, gFeo, 2)3810, 
spinel is completed within a pressure interval 
smaller than 0.15 GPa at 1600°C. 

The stability relations in the system MgO-FeO- 
SiO, at 25 GPa and 1600°C are shown in Fig. 3 
[cf. Ito et al., 1984]; those at 1100°C are also 
shown for comparison. The maximum iron content 
of perovskite increases from 8 mol% at 1100°C to 
11 mol$ at 1600?C. The composition of the mag- 
nesiowustite coexisting with perovskite and 
stishovite also shifts towards FeO with increas- 
ing temperature (46 mol% FeO at 1100°C and 58 
mol$ at 1600?C). The compositions of coexisting 
perovskite and magnesiowustite at 1600?C are con- 
nected by tie lines with the iron-magnesium par- 
tition coefficient X'-(Fe/Mg)PV/ (Fe/Mg) V showing 
a strong compositional dependence. 
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0 02 04 0.6 08 
My SiQ, Fe/( Mg+Fe) 
Fig. 2 Pseudobinary diagrams of the system 
Mg»SiO,-Fe,SiO, after Ito and Takahashi [1988]. 
Pv: perovskite; Mw: magnesiowustite; Sp: spinel; 


St: stishovite. 


The system CRS104-MgS104-A1501 


Ringwood and Major [1966] and Ringwood [1967] 
first discovered that the pyroxene components 
M,Si40)9 (M=Mg, Fe, Ca) dissolve extensively into 
the garnet structure at pressures higher than 10 


GPa. More detailed studies were carried out on 
the systems Mg,Si,O 2 Mg3A158i4015 [Akaogi and 
Akimoto, 1977; Kanzaki, 1987] and CaoMgoSi 40) 5 


-Caj 5Mg4 5A158i4045 [Akaogi and Akimoto, 1979]. 
All of these investigations confirmed the exten- 
Sive dissolution of pyroxenes into garnet at 


25 GPa, 1600" C 


MgO Mw FeO 


Fig. 3 Stability relations in the system MgO-FeO- 
SiO, at 25 GPa [cf. Ito et al., 1984]. Open- 
circles denote the compositions of starting 
materials used. Coexisting perovskite and mag- 
nesiowustite are connected by tie lines with K' 
values. 
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ALD, 


CaSi0, 


En 


Fig. 
pressures up to 27 GPa [Ito et al, 


positions of starting materials. 


net solid solution; 
perovskite. 


pressures higher than 12 GPa, suggesting that the 
resultant garnet solid solution, majorite, would 
be a dominant constituent of the transition zone, 

It was also revealed that the dissolution of 
Ca-rich pyroxene in garnet takes place at pres- 
sures 2-3 GPa higher than that for the case of 
Ca-poor pyroxene [Akaogi and Akimoto, 1979]. 
Therefore, investigation on the stability of 
majorite in the ternary system CaSiO0,-MgSi0, 
-A1,03 may provide more suitable information 
about the mantle mineralogy. In the system 
Mg 48149) 5-Mg3A1,S1,9) 5, majorite transforms into 
ilmenite [Liu, 1977, Kanzaki, 1987] and sub- 
sequently into perovskite [Liu, 1977], under in- 
creasing pressure. However, the effect of CaO on 
the post-majorite transformation was not pre- 
viously known. In this context, Ito and 
Takahashi [1987] studied the stability relations 
of the system Ca8i04-Mg8iO4-A1504 up to 27 GPa, 
and their results at 1600°C are summarized in 
Fig. 4, in the order of increasing pressure. The 
open circles denote the compositions of glasses 
used as the starting materials; EWC (0. 725MgSi04 
+ 0.2CaSiO, + 0.075A14504 in molar ratio) and 
EWClO (0.64MgSiO, + O.18CaSiO, + 0.18A1504). EWC 
is very close to the olivine-subtracted 


4 Phase diagrams in the system CaSi04-MgS104-A150 
1987]. 


Ca-P and AIl-P: 
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CaSiO,-MgSiO,- ALO, at 1600°C 


24 GPa 


at 1600°C and 
Open circles denote the com- 
En, Di, Py, and Go represent enstatite, 
diopside, pyrope, and grossular compositions, respectively. gar ss: gar- 


See text; Ilm: ilmenite; Pv: 


peridotitic mantle compositions, if iron is con- 
sidered together with magnesium [Yamada and 
Takahashi, 1984]. 

At 10 GPa, an assemblage of orthopyroxene, 
clinopyroxene, and garnet solid solution is 
stable. The stability of the garnet solid solu- 
tion expands towards the CaSiO4-MgSiO; join with 
increasing pressure, and the EWC composition con- 
tains majorite at pressures higher than 20 GPa. 
At pressures under which MgSiO, perovskite is 
stable, however, the stability field of majorite 
regresses towards the grossular-pyrope join, dis- 
Sociating into MgSiO,-rich perovskite (Mg-Pv) and 
an unquenchable phase with a diopsidic composi- 
tion (Ca-P), along with a trace amount of 
stishovite (see the diagram at 24 GPa in Fig. 4). 
With further increase in pressure, the stability 
field of majorite continues to diminish and the 
dissociation products become more dominant. The 
Ca-P might be related to a CaMgSi50, perovskite 
phase recently reported by Liu [1978]. Powder x- 
ray diffraction on the run products of EWCI1O, 
however, revealed that a new crystalline phase 
appears and becomes pronounced as majorite 
diminishes. The crystal structure of the new 
phase is not yet known, Chemical analysis by 
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EPMA and TEM suggested that the composition of 
the phase is richer in Al404 than the pyrope and 
grossular join, and therefore the phase is desig- 
nated as Al-P in Fig. 4. The measured Si/(MgtCa) 
ratio of Al-P is less than unity, which is con- 
sistent with the presence of stishovite. 

It is noteworthy that the dissociation of 
majorite proceeds over a fairly large pressure 
interval of about 3 GPa. The dissociation 
product is an assemblage of Mg-Pv, Ca-P, 
stishovite, and Al-P. For the EWC composition, 
the former two phases predominate over the latter 
two by an order of magnitude. 

The results are in general agreement with 
those of Irifune and Ringwood [1987] on the 
pyrolite minus olivine composition. However, 
they reported that CaSiO4-rich perovskite [cf. 
Liu and Ringwood, 1975] exsolves from the 
majorite at pressures higher than 20 GPa and 
that, at still higher pressures, this phase is a 
dominant dissociation product of majorite, rather 
than the Ca-P of Ito and Takahashi. This dis- 
agreement might be partly due to the effect of 
TiO. Irifune and Ringwood's Ca-rich perovskite 
contained 5 mol% CaTiO, and the cubic Casio} 
perovskite might be stabilized by dissolution of 
CaTiO, component [Ringwood and Major, 1971]. 
More recently, however, Tamai and Yagi [1988] ob- 
Served a dissociation of diopside into CaSiO 
perovskite and high-pressure forms of MgSiO, at 
pressures higher than 17 Gpa, in contrast to the 
conversion to single phase of CaMgSi,0, 
perovskite [Liu, 1978]. Therefore, further in- 
vestigation is clearly needed to reveal the 
stability relation between CaSi04 perovskite and 
the Ca-P, 


The 670 km discontinuity and the lower mantle 


It is generally accepted that MgO, FeO, and 
Sid, are the major components of the mantle, the 
sum of these three components being greater than 
90 $ of the total, and that the Si/(Mg+Fe) and 
Fe/(Mg+Fe) ratios are in the ranges of 0.5-1.0 
and 0.1-0.15, respectively [e.g., Ringwood, 1975; 
Zindler and Hart, 1986]. According to the 
Stability relations in the system MgO-FeO-SiO, 
shown in the last section, a material of this 
composition exists as the assemblage of spinel 
and stishovite at 22 GPa, which undergoes succes- 
Sive transformations under increasing pressure, 
and is replaced by an assemblage of perovskite 
and magnesiowüstite at pressures higher than 24.5 
GPa. Therefore it is indicated that the stabi- 
lization of a perovskite-bearing assemblage might 
characterize the 670 km discontinuity regardless 
of the variation of composition within reasonable 
limits. Ito et al. [1984] proposed the as- 
semblage of (Mgo ggFeg 94) Si04 perovskite and 
(Mg jgFeg. 24)0 magnesiowüstite as the lower 
mantle mineralogy based on the density restric- 
tion from geophysics, and the Fe-Mg partioning 
between perovskite and magnesiowüstite. 


Perovskite: A Structure of Great Interest to Geophysics and Materials Science 


ITO 31 


However, the remaining components should be 
taken into consideration in order to make a more 
realistic mantle model. Among them, a small 
amount of Al1504 (about 4 $) causes a remarkable 
change in the mantle mineralogy, by facilitating 
the stabilization of garnet solid solution.  Al- 
most all pyroxene components are incorporated 
into garnet to form majorite at pressures higher 
than 17 GPa. The stabilities of modified spinel 
and spinel, on the other hand, are little af- 
fected by the existence of remaining components 
[Akaogi and Akimoto, 1979; Takahashi and Ito, 
1987]. In the lower half of the transition zone, 
therefore, spinel and majorite are by far the 
dominant constituents. 

As shown in the last section, both spinel and 
Majorite dissociate into perovskite-bearing as- 
semblages at pressures higher than 23 GPa, accom- 
panied by density increases of some 10 percent, 
Although elastic data are not available for all 
the phases concerned, an increase in seismic 
velocity greater than 5 percent is expected for 
both dissociations, judging from the recent 
results of velocity measurements by means of 
Brillouin spectroscopy on Mg4SiO, spinel [Weidner 


et al., 1984], MgSiO4 perovskite [Yeganeh-Haeri 
et al., 1987], and majorite [Weidner et al., 
1987]. Therefore it is proposed that the 670 km 


discontinuity may be caused by the dissociations 
of spinel and majorite. It is noteworthy, 
however, that the dissociation of spinel is com- 
plete within a very small depth range (less than 
4 km) [Ito and Takahashi, 1988], while that of 
majorite proceeds over a fairly large depth range 
of about 80 km. These features are consistent 
with the characteristic of the discontinuity 
shown in recent seismic models in which the sharp 
velocity increase is followed by a zone of high 
velocity gradient zone extending down to about 
750 km depth [Dziewonski and Anderson, 1981; 
Grand and Helmberger, 1984]. 

Assuming a peridotitic mantle composition such 
as pyrolite [Ringwood, 1975], the resultant lower 
mantle mineralogy is inferred to be 70 $ Mg-Pv, 
16 $ magnesiowüstite, 8 % Ca-P with a small 
amount of stishovite and Al-P (volume 
proportions). However, CaSiO4-rich perovskite 
[Irifune and Ringwood, 1987] in stead of Ca-P 
cannot be ruled out. 
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Introduction 


The orthorhombic modification of MgSiO 
perovskite was first found by Liu (1974) and was 
synthesized at about 300 kbar and 1000°C in a 
diamond-anvil press coupled with laser heating 
(Liu,1975). The crystal structure of perovskite- 
type MgSiO, at l bar was determined by Yagi et 
al. (1978) and Ito and Matsui (1978) by powder 
X-ray diffraction analysis. The structure is a 
distorted rare-earth, orthoferrite-type 
(orthorhombic space group Pbnm), isostructural 
with ScAl0, perovskite (Reid and Ringwood, 1975). 
Details of the crystal structure were refined by 
a single crystal X-ray diffraction method 
(Horiuchi et al. ,1987). 

This paper summarizes the results of our high- 
pressure structural study to 96 kbar with a 
Single-crystal X-ray diffraction method using a 
diamond anvil, high-pressure cell (Kudoh et al., 
1987) on perovskite-type MgSi0, synthesized by 
Ito and Weidner (1986). 


Bulk modulus of MgSio,, perovskite 


Based on the measured unit cell volumes with 
the single crystal specimens at high pressures 
up to 96 kbar using diamond anvil cell, the 


parameters K and K.' in the Murnaghan-Birch 
equation of abate were calculated (Kudoh et al., 
1987). The bulk modulus thus obtained is given in 
Table 1. The value of bulk modulus observed in 
our work agrees well with that obtained from 
Brillouin spectroscopy  (Yeganeh-Haeri et al., 
1988). The bulk sound velocity calculated from 
the values of bulk modulus of present work and 
the density reported by Ito and Matsui (1978) is 
7.8 km/second, which is in general agreement with 
the value 7.9 km/second predicted by Liebermann 
et al. (1977). 
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Linear compressibilities of unit cell axes 


Knittle and Jeanloz (1987) reported that the 
axial ratios b/a and c/a of Mgo,gaFeq_12Si03 
perovskite were constant up to 1119 kbar. 
However, the linear compressibilities of unit 
cell axes observed in our work indicate that the 
c axis is more compressible than the a axis, and 
the a axis is more compressible than the b axis. 
Thus the axial ratio b/a increases with 
increasing pressure and the c/a decreases with 


increasing pressure. The trend of variation of 
axial ratios observed in the present work agrees 
well with those calculated from the predicted 
values of unit cell axes compressibilities by 
Matsui et al. (1987). In the crystal structure 
of orthorhombic MgSiO, perovskite, there are four 
shorter Mg-O bonds. Out of these, three shorter 
Mg-O bonds are almost nearly parallel to the b 
axis, one almost nearly parallel to the a axis 
and none parallel to the c axis. This 
anisotropic distribution of shorter Mg-O bonds 
can qualitatively interpret the observed 
anisotropy of linear compressibility of unit cell 
axes. 


Sio 


6 and MgOg polyhedron 


Based on the observed variation of bond lengths 
with pressure, linear compressibilities of mean 
bond lengths of the MgO, and the SiO polyhedra 
to 96 kbar were calculatéd to be 0.18 Mbar l for 
Mg-O and 0.09 Mbar"l for si-o. from the 
consideration of the sizes and  compressibilities 
of cations, O'Keeffe et al. (1979) suggested that 
the effect of increased pressure would be to 
decrease the coordination of Mg in  MgSiO,. In 
comparing the bond lengths around Mg, a distinct 
difference was observed between the linear 
compressibilities of shorter 8 bonds and longer 4 


bonds. The average linear compressibilities of 
the shorter 8 bonds were around 0.2 Mbar-l and 
those of the longer 4 bonds around 0.0 Mbar-l. 


From this fact ,it can be seen that pressure 
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Table 1. Observed bulk modulus (Mbar) 


1 
Ky K 


Yagi et al.(1982)? 2.60(20) 3-5 


Knittle and Jeanloz (1987)? 2.66(6) 3.9 


Kudoh et al.(1987)? 2.47(14) 4 


Yeganeh-Haeri et al. (1988) 2.45(5) = 


a:Powder X-ray with DAC up to 82 kbar. 
b:Powder X-ray with DAC up to 1119 kbar. 
c:Single crystal X-ray with DAC up to 96 kbar. 
d:Brillouin spectroscopy. 


moves coordination of Mg in the direction of 8- 
fold coordination rather than 12-fold 
coordination, and that the unit cell compression 


is controlled mainly by the tilting of relatively 
rigid SiO, octahedra. This situation can easily 
be interpreted by the fact that the Si-o-Si 


angles decrease with increasing pressure. 
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RAMAN SPECTROSCOPY AND LATTICE DYNAMICS OF MgSi03-PEROVSKITE AT HIGH PRESSURE 


R. J. Hemley!, R. E. Cohen?, A. Yeganeh-Haeri?, H. K. Mao!, D. J. Weidner’, and E. Ito* 


Abstract. Vibrational Raman spectra have been 
obtained for 50 to 100 jm single crystals of MgSiOs 
perovskite in situ at high pressure. Seven bands were 
tracked as a function of pressure to 26 GPa using a 
diamond-anvil high-pressure cell with rare-gas pressure- 
transmitting media. The frequency shifts with pressure 
are positive, and no soft modes were observed, in agree- 
ment with the present and previous lattice dynamics cal- 
culations. Zero-pressure frequency shifts (dv;/dP)o vary 
between 1.7 and 4.2 cm ! /GPa, which contrasts with the 
uniform shift of 2.6 cm ^! /GPa for modes measured in 
high-pressure mid-infrared spectra. The mode- Grüneisen 
parameters y; determined from the present data span 
the range 1.6 - 1.9, and are generally higher than those 
reported in the infrared study. The Raman data are in- 
terpreted using the lattice dynamics calculated from the 
potential-induced breathing (PIB) model, a Gordon-Kim 
approach that includes the effects of charge relaxation on 
the dynamics. Good agreement with the experimentally 
determined frequencies is obtained, particularly in the 
lower frequency range, in comparison with previous rigid- 
ion results. The high thermal expansivity for MgSiO;- 
perovskite is shown to be due to the comparatively high 
values for ^; associated with the lower frequency modes. 
Thermal weighting of the individual +; is required for an 
accurate calculation of the thermal Grüneisen parameter 
yru and thermal expansivity. 


Introduction 


À consideration of the lattice dynamics of perov- 
skites is essential for understanding their thermal and 
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high-pressure properties, including soft-mode behavior, 
structural phase transitions, entropy, and thermal expan- 
sivity. In particular, the lattice dynamics of magnesium 
silicate perovskite at high pressure is of interest because 
of the likely abundance of this material (and structurally 
related phases) in the Earth's lower mantle [Liu, 1976; 
Yagi et al., 1978, 1982; Knittle and Jeanloz, 1987]. To 
obtain useful information on thermal properties of high- 
pressure phases it is essential that measurements be car- 
ried out at pressure conditions appropriate for the sta- 
bility field of the phase, which for MgSiO3-perovskite 
correspond to pressures in the 20-GPa range and above. 
Vibrational measurements of samples under these condi- 
tions are possible using high-pressure spectroscopic meth- 
ods, techniques which provide useful structural and ther- 
modynamic constraints on high-pressure silicate phases 
[Hemley, 1987]. 

In the last few years theoretical models based on 
non-empirical approximate methods have become use- 
ful for understanding static and dynamical properties of 
high-pressure oxide and silicate phases containing closed- 
shell ions. These methods are based on the Gordon- Kim 
model for the short-range forces [Gordon and Kim, 1972], 
implemented at various levels of approximation for crys- 
tals [Cohen and Gordon, 1976; Hemley et al., 1985; Mehl 
et al., 1986]. Several calculations of the properties of 
orthorhombic MgSiO3-perovskite have been performed 
[Wolf and Bukowinski, 1985; 1987; Hemley et al., 19872; 
Cohen, 1987]. The more recent calculations show that 
this non-empirical approach is capable of quantitative 
predictions of changes in structural properties as a func- 
tion of pressure and temperature, phase transformations, 
and elasticity. The results may also be compared with 
lattice-dynamical calculations using empirical potentials 
[Wall et al., 1986; Matsui et al., 1987]. 

In the present study, we have measured the Raman 
spectrum as a function of pressure of recently grown 
single crystals of MgSiO3-perovskite [Ito and .Weidner, 
1986]. These data complement previously measured zero- 
pressure Raman and high-pressure mid-infrared spectra 
[Williams et al., 1987], recent high-pressure far-infrared 
spectra [Hofmeister et al., 1987], and zero-pressure single- 
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crystal Brillouin scattering spectra [Yeganeh-Haeri et al., 
1988] of this material. The results are analyzed in terms 
of lattice dynamics calculated using the potential-induced 
breathing model (PIB). The theoretical results are also 
used to interpret the recent high-pressure infrared data. 


Experimental Method 


Single crystals of MgS1Os-perovskite with maximum 
dimensions of 50-100 jm were synthesized in the uniaxial 
split-sphere apparatus following the technique described 
by Ito and Weidner [1986]. For each high-pressure spec- 
troscopic run, a crystal was mounted in a 200 um diam- 
eter pressure chamber of a Mao-Bell-type diamond-anvil 
cell [Mao and Bell, 1978] along with argon gas to serve as 
a pressure-transmitting medium [Jephcoat et al., 1987]. 
The argon, which solidifies at 1.2 GPa, provides a quasi- 
hydrostatic pressure environment for the crystal in the 
diamond-anvil cell over the pressure range of the present 
experiments. 

The single-crystals were probed with a micro-optical 
spectrometer system described elsewhere [Hemley, 1987]. 
Both Art and Krt gas lasers were used to excite the 
Raman spectrum. In most of the runs the pressure was 
determined by the ruby fluorescence method [Mao et al., 
1986]. For the measurements performed with the Kr* 
laser we used only a small amount of ruby in order to 
minimize interference in the weak Raman spectrum from 
the intense ruby fluorescence. For these runs we deter- 
mined the pressure to 15 GPa by measuring the shift in 
the strong 464 cm ^! mode in the Raman spectrum of 
o-quartz placed in the diamond-anvil cell with the perov- 
slate sample. The pressure shift of this Raman band has 
been calibrated against the ruby scale [Hemley, 1987]. A 
back-scattering geometry was also used for the measure- 
ments carried out at zero-pressure (0.1 MPa) in order to 
obtain polarization information [Mao et al., 1987]. 


Experimental Results 


It is useful first to consider the group theoretical pre- 
dictions for the number and symmetries of optical vibra- 
lions for this crystal [Fateley et al., 1972]. For ortho- 
rhombic MgSiO3-perovskite (space group Pbnm; Z = 4 
[Yagi et al., 1978; Horiuchi et al., 1987], the irreducible 
representation of the optical vibrations is 


Tope = TAg + 7Big + 5Bag + 5B, 


+ 8A, + 7Bi, + 9Bay + 9B3,- 


The centrosymmetric unit cell forces a separation of the 
Raman- and infrared-active vibrations in the perfect 
crystal. The gerade vibrations, A,, Big, Bag, and Bag 
are all active in the first-order Raman spectrum. Of the 
ungerade modes, the B;,, B24, and Bs, vibrations are 
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aclive in infrared absorption, whereas the A, modes are 
optically inactive. 

The initial measurements were performed at 0.1 MPa 
using an Ar* laser (457.9 - 514.5 nm). With these wave- 
lengths considerable absorption of laser light by the sam- 
ple was observed. This absorption resulted in strong 
fluorescence and ultimately decomposition of the sample. 
Similar problems were observed in Brillouin scattering 
studies carried out using Ar* laser excitation on crystals 
from the same synthesis [Yeganeh-Haeri et al., 1988]. We 
found that the use of a Kr* laser operating longer wave- 
lengths (647.1 nm) significantly reduced these effects in 
the lower pressure studies. We found that at high pres- 
sure the spurious fluorescence obtained with Ar* excita- 
tion is diminished. In addition, the signal-to-noise ratio 
of the spectra improves because the index of refraction 
of the solid argon begins to approach that of the perov- 
skite. Finally, as the stability field of the perovskite is 
approached at higher pressure (>20 GPa), higher laser 
intensity can be used without decomposition of the sam- 
ple under the beam. 

Representative spectra measured from 150 to 650 


cm^! are shown in Fig. 1. Six well-resolved peaks were 
lex Po d ee SO N 
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Fig. 1. Raman spectra (low frequency region) of 
MgSiOs-perovskite at 0.1 MPa (zero pressure) and 
21.9 GPa. The spectra were measured at 298 (+ 2) 
K. Plasma lines from the ion laser are indicated by an 
asterisk. 
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Fig. 2. Raman spectrum (high frequency region) of 
MgSiOs-perovskite at 21.9 GPa (298 K). 


observed under ambient pressure. A spectrum measured 
at high pressure (21.9 GPa) is also shown in the figure. 
With the improved spectra at higher pressure two ad- 
ditional peaks become evident (estimated zero-pressure 
frequencies of ~370 and ~900 cm^!). All peaks have a 
positive frequency shift with pressure. However, the mag- 
nitude of the shift varies among the bands. In addition, 
there is evidence that the relative intensities of the prin- 
cipal bands may change with pressure. The likelihood 
of weaker first-order Raman peaks in the low frequency 
range is discussed below. 

A high-pressure Raman spectrum measured in the 
higher frequency region is shown in Fig. 2. The weak 
900 cm^! peak shifts to near 1000 cm^! at high pressure. 
Broader features in the higher frequency region were also 
observed in spectra measured under intense laser irra- 
diation (e.g., >50 mW power). These bands may arise 
from second-order scattering from the perovskite due 
to heating under the laser beam. Most of this intensity, 
however, appears to be associated with a glassy material 
formed by thermal decomposition of the perovskite (at 
lower pressures). This reaction appears to proceed via 
thermally-induced micro-twinning of the single-crystals 
[Yeganeh-Haeri et al., 1988], but the specific mechanism 
has not yet been explored in detail. We have reproduced 
the broad bands present in the spectrum of Williams et 
al. [1987] by measuring zero-pressure Raman spectra of 
MgSiO; glass samples that had been laser-heated under 
pressure. The broad features can be identified as Raman 
bands of MgS10O; glass recovered from high-pressure and 
temperature [Hemley et al., 1987b]. 

The numerical results are summarized in Table 1, 
and the pressure shifts are shown in Fig. 3. The four 
peaks reported in the earlier zero-pressure Raman study 
of Williams et al. [1987] are confirmed; differences in 
peak positions are within the estimated error of both 
measurements. Preliminary polarization measurements 
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TABLE 1. MgS1Os-perovskite Raman spectrum: 
zero-pressure vibrational frequencies, pressure 
derivative, and mode-Grüneisen parameters 


v;,cm^! dvi[dP,cm !/GPa yi = —dlnvi/dlnV 
252 [251]* 2.9(2) 3.0(2)° 

283 [282] 1.7(1) 1.6(1) 

370* 2.4(5) 1.7(3) 

380 [378] 2.4(1) 1.9(1) 

499 [499] 4.2(2) 3.5(2) 

536 3.2(1) 1.6(2) 

7-690 

~900° 2.5(8) 0.7(2) 


a. Williams et al. [1987]. 

b. Calculated using Ko = 260 GPa [Yagi et al., 1982]. 

c. Frequency at zero pressure determined by extrapol- 
ation from high pressure. 


are consistent with the assignment of these bands to A, 
fundamentals. Fig. 3 includes the pressure dependence of 
the mid-infrared modes measured in the previous study. 
The large variation in the pressure shifts obtained from 
the high-pressure Raman spectra contrasts with that 
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Fig. 3. Pressure shifts of the observed Raman and in- 
frared bands of MgSiO;-perovskite. 
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found in the IR study, in which the same shift for each 
band was reported. 


Theoretical Model 


We now analyze the experimental data by calculat- 
ing the full vibrational spectrum as a function of pres- 
sure using the potential-induced breathing (PIB) model. 
In this Gordon-Kim type model, the electron density of 
the crystal is assumed to be composed of a superposi- 
tion of electron density of the component 1ons, each of 
which is calculated using the local-density approximation 
with self-interaction corrections [e.g., Mehl et al., 1986]. 
A Watson sphere is included in each atomic calculation 
to simulate the electrostatic field of the crystal. The ra- 
dius of the Watson sphere is chosen to give an electro- 
static potential within the sphere equal to the Madelung 
potential at the site in the crystal. This prescription has 
been shown to give excellent agreement at low pressures 
with highly precise charge densities calculated using the 
Linearized Augmented Plane Wave (LAPW) method for 
MgO and CaO [Mehl et al., 1988]. A comparison of the 
PIB charge density with the LAPW charge density for 
cubic MgSiO; is given in another paper in this volume 
[Cohen et al., 1988]. 

The total energy for the PIB charge density is the 
sum of three parts: the long-range Madelung energy 
between the ions, the self-energy of each ion, and the 
short-range overlap energy between ions. The self- 
energy is fit to a fifth-order polynomial as a function 
of Madelung potential. The short-range overlap energy 
between ions 7 and j are calculated as a function of inte- 
rionic distance r;; for a series of charge densities for each 
ion calculated with different Watson-sphere potentials 
P; and P;. The calculated interionic potentials are then 
fit as a function of r;;, P;, and P; for use in the crys- 
tal calculation. We use the Thomas-Fermi and Hedin- 
Lundquist functionals for the kinetic and exchange- 
correlation energies, respectively. The dependence of the 
short-range energy and the self-energy on the Madelung 
potentials introduces many-body contributions to the 
total energy. The lattice-dynamical contributions were 
determined by the calculation of the dynamical matrix 
for this model [Cohen et al., 1987]. 

The single-crystal elastic moduli and equation of 
state calculated from the PIB model have been pub- 
lished previously [Cohen, 1987; see also Cohen et al., 
1988]. Before proceeding with the calculation of the op- 
tic (Raman and infrared) modes, we first examine the 
structural properties calculated from the model. In this 
calculation the structure was determined by minimization 
of the free energy at 298 K, with the thermal contribu- 
tion calculated from the quasiharmonic approximation. 
The results are listed in Table 2, along with the exper- 
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TABLE 2. Zero-pressure equilibrium structure 
of MgSiO;-perovskite: orthorhombic, Pbnm (Z=4) 


SSMEG* PIB! Exp.* 
V, Å 166.60 165.05 162.75 
a, Á 4.849 4.877 4.780(1) 
b, Á 4.937 4.896 4.933(1) 
c, Á 6.959 6.912 6.902(1 
Mg x 0.995 0.999 0.974(7 
Mg y 0.020 0.005 0.063(5 
Mg z 1/4 1/4 1/4 
O(1) x 0.080 0.049 0.096(10 
O(1) y 0.480 0.493 0.477(11 
O(1) z 1/4 1/4 1/4 
O(2) x 0.711 0.726 0.696(7 
O(2) y 0.288 0.273 0.291(7 
O(2) z 0.042 0.025 0.056(4 


a. Hemley et al. [1987]; T=298 K. 

b. Equilibrium structure determined by Cohen [1987]; 
T=298 K. 

c. Yagi et al. [1978]; T=295 K. See also the recent 
single-crystal x-ray diffraction study of Horiuchi 
et al. [1987]. 


imental data and previous calculations. Although the 
model tends to underestimate the degree of distortion of 
MgSiO; from the cubic aristotype, the agreement with 
experiment is reasonable. The coupling of internal strain 
and ion breathing, which was neglected in our previous 
calculations, is included here. The effect on the struc- 
tural properties is found to be small. 


Theoretical Results 


The frequencies of the optical (k = 0) vibrations cal- 
culated from the PIB model at zero-pressure and 298 K 
are listed in Table 3. The present Raman frequencies and 
the recent infrared data of Williams et al. [1987] and 
Hofmeister et al. [1987] are also listed. There is a close 
correspondence in frequency for a number of the modes, 
although the symmetries of the weaker bands in the spec- 
tra have not been determined. A low-frequency A, mode 
at 95 cm”! is predicted theoretically, along with B4, and 
Bzg modes at 101 and 138 cm^!, respectively. However, 
the lowest frequency Raman bands that are well-resolved 
appear at 252 and 283 cm^!. The latter are close in fre- 
quency to calculated A, modes at 203 and 278 cm“, 
and preliminary polarization measurements are consis- 
tent with this assignment. We therefore propose that an 
additional set of lower frequency Raman bands is present 
in MgSiO; but is not observed experimentally as a result 


Vol. 45 


Geophysical Monograph Series Perovskite: A Structure of Great Interest to Geophysics and Materials Science Vol. 45 


HEMLEY ET AL 39 
TABLE 3. Calculated and measured vibrational coupling of octahedral libration and Mg-ion translation 
frequencies (k — 0) at zero pressure is observed, particularly at intermediate frequencies (200- 


400 cm—!). We note, however, that the 95 cm7! mode is 

associated with nearly pure SiOg octahedral librational 
RAMAN INFRARED INACTIVE (rocking) motion, with little coupling with cation dis- 

I; Theory Exp? I; Theory Exp T; Theory placements and internal octahedral motions. The 278 

and 373 cm^! modes are derived from the same Mg-ion 


A 95 B, 232 (225)* A. 242 translations, but with orthogonal displacements. The 
Bi, 101 Bs, 238 1250 A. 294 461 cm! mode (499 cm^! experimental) is largely an 
Ba, 138 Ba, 250 |279 A, 399 octahedral deformation mode, with contributions from 
A, 203 (252 Bau 292 Ay 502 both cation displacements and octahedral libration. The 
Ag 278 bes Bi, 307 [e A, 648 771 and 683 cm~! modes are symmetric combinations of 
Bi, 303 Ba, 327 1354 A, 719 nearly pure octahedral deformations. 

2g 338 2u 360 (385 A, 889 The calculated pressure derivatives and mode- 
Big pee {380} p joe A, 908 Gruneisen parameters are listed in Table 4. We note that 
Bs, 428 Bs, 418 particularly large y; are found for the lower frequency 
Ba, 458 Bj, 443 modes (e.g., y; = 6.42 for the 95 cm^! mode). The 
A, 461 {499} Ba, 470 {a pressure dependencies of the calculated mode frequen- 
Bi, 482 au 641 1614 cies at k = 0 are shown to 150 GPa in Fig. 5 along with 
Ba, 515 {536} Bs, 704 [683 the available Raman and infrared data (at lower pres- 
Bs is » n sures). Close inspection of the results for for the pressure 


683{~690} By, 771 {797}: shifts of the Raman modes indicates that the agreement 


Bs, 770 a 778 between theory and experiment is only fair (Fig. 5a). On 
As 77 iu 900 
B 771 u 909 ; : i 
BS. 773 B. 917 TABLE 4. Calculated vibrational frequencies and 
B; 1070 {900} B. 920 mode-Grüneisen parameters (k — 0) at zero pressure 
g u 
sg 1113 2u 1010 
Bog 1114 Ba, 1019 
Ba, 1363 RAMAN INFRARED INACTIVE 
I ou ^k I; ou yi IE ni Yi 
a. This work. ! 
b. Hofmeister et al. [1987]. Ag 95 6.42 By, 232 1.03 A, 242 1.02 
c. Williams et al. [1987]. By, 101 5.37 3u 238 2.06 A, 294 1.97 
3g 138 6.78 Bo. 250 2.03 Au 399 2.00 
g 203 4.11 2. 292 2.29 Au 502 0.30 
of low scattering cross-section. Very weak features were Ag 278 3.10 i. 307 3.09 Au 648 0.48 
observed in some of our spectra in this region (e.g., zero- Big 303 2.11 3u 327 2.97 Au 719 0.59 
: , m 2, 338 2.10 Bo, 360 1.18 A, 889 1.31 
pressure frequencies of approximately 130 and 190 cm^!); Bj 342 2.75 382 128 A. 908 1.20 
however, the intensities of these bands are approximately A, 373 2.80 A 400 1.16 H 
equal to the noise level so that positive identification and Ba, 428 0.45 Bau 418 1.60 
assignments cannot be made at this time. Ba, 458 1.03 2. 443 2.25 
The calculation of specific atomic displacements as- A, 461 0.56 3u 470 1.87 
sociated with each vibrational mode details the degree to Big EE T» p? aus i jo 
which internal and external vibrations of the component 39 678 1.37 3u 710 050 
polyhedra may be mixed in the lower orthorhombic sym- Ba 679 1.35 S 760 033 
metry structure (relative to that in the cubic aristotype). Ag 683 1.35 iu 771 0.61 
In most previous investigations the arguments used to as- Bog 770 0.61 3u 773 0.46 
sign vibrational bands within a given symmetry species Ag 771 0.69 Bi, 900 1.25 
to specific atomic displacements have been only qualita- lg ds "e BS id 7 a 
tive. The displacements for the seven A, modes calcu- l 1070 0.84 Ye 920 1.19 
lated from the PIB lattice dynamics are shown in Fig. 4. Bs, 1113 0.88 x 1010 0.47 
For these (totally symmetric) modes there can be no mo- Bag 1114 0.97 B4, 1019 0.49 
tion involving cations located at special positions in the Bo, 1363 0.61 


unit cell (e.g., the Si ions). In general, a large degree of 
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Fig. 4. Mode displacements for A, vibrations calculated from the theoretical model. The darker 
lines give the equilibrium structure; the lighter lines show the atomic displacements (x5) correspond- 
ing to the eigenvector of the normal mode. The orthorhombic unit cell is indicated. 


the other hand, there appears to be very good agreement 
with the recent high-pressure far-infrared measurements 
of Hofmeister et al. [1987] (Fig. 5b). We also note that 
avoided crossings of certain sets of curves as a function 
of pressure are apparent (e.g., the optically inactive A, 
vibrations at 500-600 cm~? at ~80 GPa in Fig. 5c). For 
the optically active modes, this mixing will in general 
cause a change in the relative intensities measured spec- 
troscopically, which is consistent with the intensity varia- 
tions in the Raman spectra noted above. 


Thermodynamic Properties 


The zero-pressure volume Vo, Griineisen parame- 
ter yra and bulk modulus Ko calculated from the PIB 
model are in good agreement with experiment. How- 
ever, Cohen [1987] found a low value for the thermal 
expansivity compared with experiment [Knittle et al., 
1986]. In addition, the calculated thermal expansivity 
was lower than that expected on the basis of previous 
calculations [Hemley et al., 1987a] in which an explicit 
tradeoff between the the bulk modulus and o was ob- 
served; i.e., there is a small volume dependence of aKr 
(= *rn C,/V ). We since have determined that the low 
thermal expansivity found previously was due to a num- 
ber of unphysical imaginary frequencies arising in the 
current PIB model due to the Thomas-Fermi approxi- 
mation for the kinetic energy. The imaginary frequencies 


arise from a problematic term in PIB lattice dynamics in 
which effective charges appear [Cohen et al., 1987] (see 
Eqs. A7-A12, A41), which are the first derivatives of the 
total energy with respect to the Madelung potentials at 
each site. Two calculations were performed to remove the 
effect of the unstable modes for the purpose of estimating 
the thermodynamic properties for MgSiO3-perovskite 
from the model. 

In the first approach, the thermodynamic Grüneisen 
parameter was calculated from the available spectral 
data and the lattice-dynamical model by a direct av- 
eraging over the individual modes, which formally 
gives the high-temperature limit of y. The calcula- 
tion was also performed by explicitly including a ther- 
mal contribution of each mode using the expression 
(qj) = XC, / XC, where C,; is the contribution of 
each mode : to the heat capacity at constant volume. 
Because of instabilities cccurring for some of the k Z 
0 modes in this model, we sum over only a limited set 
of modes. For the enlarged unit cell of orthorhombic 
perovskite (Z — 4), we found that a sufficiently con- 
verged calculation was obtained by summing over the 
k = 0 vibrations (60 modes). We obtain (4;) = 2.0 at 
298 K. This value decreases to (7;) = 1.63 at 1000 K, 
with (3j) = 1.59 as the high temperature limit. From 
the identity, a = ypHC,/KrV, the thermal expansivity 
was estimated using the thermally weighted (4;), and the 
heat capacity was calculated from the k = 0 modes, to- 
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Fig. 5. Calculated and measured pressure dependence 
of the k = 0 modes of MgSiOs-perovskite (298 K). (a) 
Raman modes. (b) Infrared modes. (c) Inactive modes. 
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gether with the calculated molar volumes and bulk mod- 
uli reported previously [Cohen, 1987]. From this calcula- 
tion we obtain a value for a of 23 x 107° K`! at 298 K, 
increasing to 31x 1079 K^! at 1000 K. The higher tem- 
perature result represents a lower bound on a, because 
the decrease in Ky with temperature has been neglected. 
In the second approach for examining corrections to 
the thermal expansivity, the thermal equation of state 
was calculated after setting the PIB effective charges to 
zero, which makes all the PIB frequencies real at positive 
pressures. We do, however, find a mode instability at 
negative pressures (high temperatures). We have fit the 
free energies for positive static pressures and present the 
equation of state parameters in Table 5. We find a mean 
thermal expansivity from 298 to 1000 K of 44 x 10-8 
K~?. The room-temperature volume differs by only 0.3% 
from the value obtained by Cohen [1987]; this agreement 
indicates that the zero-point contribution was estimated 
accurately in spite of the imaginary frequencies. 


Discussion 


In the present study, the frequencies of eight Raman 
bands have been determined for MgSiO3-perovskite at 
zero pressure, and pressure shifts for seven bands have 
been measured to 26 GPa. The much larger number of 
modes (24) predicted to be Raman-active for this crystal 
complicates both definitive assignments of the modes and 
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TABLE 5. Thermal equation of state parameters 
calculated from the PIB model with no effective charge 
terms in the lattice dynamics 


T Vo, Å? Ko, GPa K? 
298 165.56 253 3.88 
400 166.19 248 3.89 

1000 170.78 218 3.98 
2000 181.11 167 4.15 


the calculation of accurate thermodynamic constraints 
for this phase directly from the spectra. Thus we have 
found it useful to calculate the dynamical properties for 
MgSiOs from an independent parameter-free model that 
has been shown to yield accurate static and elastic prop- 
erties for this phase. The theoretical calculation provides 
insights to the behavior of this compound at pressures 
that are far above current measurements, provides ad- 
ditional information such as the character of the normal 
vibrations, and permits the evaluation of simple mod- 

els that have been applied to understand the vibrational 
and thermodynamic properties of this important phase. 
Finally, comparison between theory and experiment shed 
light on certain fundamental approximations used in the 
model. 

We have tentatively assigned the stronger bands in 
the spectrum (252, 283, 380, and 499 cm~? at zero pres- 
sure) to the A, symmetry species. The PIB calculation 
with dynamical charge relaxation effects are in good 
agreement with experiment. This interpretation is also 
consistent with analyses of Raman spectra of isostruc- 
tural orthorhombic perovskites, which indicate that the 
spectra are dominated by (totally symmetric) A, modes 
[e-g., Scott and Remeika, 1970; Alain and Piriou, 1975]. 
The weak band at ~900 cm~? is likely to be a Bug mode, 
correlating with the 965 cm~! octahedral deformation 
mode observed in the Raman spectrum of S10; stishovite 
[Hemley et al., 1986]. Positive frequency shifts with pres- 
sure are obtained theoretically for all modes; i.e., no soft 
modes were observed over the range of pressures corre- 
sponding to the lower mantle. The PIB calculation in- 
dicates that there 1s strong coupling of octahedral libra- 
tional and Mg translations, particularly in the 200-500 
cm^! region. On the basis of our previous experience, 
we expect that the calculated modes may not be found 
in the same order as the measured modes. For BeO, for 
example [Jephcoat et al., 1988], we found better agree- 
ment for the pressure shifts than for the mode frequen- 
cies. Thus in the more complicated case of orthorhombic 
MgS1Os-perovskite, our mode assignments are only tenta- 
tive, but we expect the averages over the modes, such as 
the frequency moments and average y’s, to be reliable. 
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The effective charge term on the PIB lattice dynam- 
ics leads to some imaginary frequencies in complex crys- 
tals when the Thomas-Fermi kinetic energy functional 
is used in the current model [Mehl et al., 1986]. This 
term, however, does not affect the vibrational frequen- 
cies at k — 0, and thus does not affect the results pre- 
sented above or the elastic constants (Cohen, 1987]. It 
is expected that more accurate results for k 4 0 will be 
available with continued development of the model. Tt 
is unlikely, however, that an ab initio model would ever 
give perfect agreement with experiment for a complex 
crystal such as orthorhombic perovskite. In fact, even 
highly precise calculations using the LAPW method typi- 
cally lead to errors of a few percent in volume due to the 
local density approximation (LDA) [Mehl et al., 1988]. 
Since ab initio models such as PIB are approximations 
to self-consistent calculations within LDA, agreement 
with experiment to better than a few percent in volume, 
for example, must be regarded as fortuitous. Despite 
these uncertainties, the PIB model, in its present state 
of development for closed-shell oxides, provides a useful 
framework for understanding vibrational properties and 
spectroscopic data, in addition to providing quite accu- 
rate P-V equations of state, aggregate elastic moduli, and 
pressure derivatives of elastic moduli. 

The measured mode-Grüneisen parameters obtained 
from the present Raman data, when combined with 
those determined from the recent mid-infrared and far- 
infrared spectra, span the range 0.8-3.5 and give a high- 
temperature average (4,) œ% 1.65. This result is close to 
the PIB model prediction of (7;) = 1.59, although the 
agreement is likely to be fortuitous because only 17 of 60 
k — 0 modes were included in the experimental analysis. 
The acoustic and low-frequency optical modes, for which 
we currently have no pressure measurements, have gener- 
ally higher 7;. The inclusion of the thermal weighting of 
the y; gives a significantly higher average of 2.0 at 298 K 
as a result of the larger contribution from these modes 
at low temperatures. Williams et al. [1988] obtained 
(yi) = 1.36 from a direct (high-temperature) average of 
the y; obtained from mid-infrared spectra (total of four 
modes), but argued that the effect of the missing modes 
should be to raise the average to ~1.9. The additional 
modes obtained from our measurements do in fact raise 
the average, but the calculation still remains incomplete 
because of the large number of mode frequencies that are 
still missing. We thus argue that the y; predicted from 
the model, plus the appropriate thermal averaging, pro- 
vide a useful alternative constraint on yry. 

Our results are in excellent agreement with the 
yru = 1.77 obtained by Knittle et al. [1986] from anal- 
yses of thermal expansion data from 300 to 860 K; the 
theoretical average over this range is 1.83. The thermal 
expansivity calculated from the PIB model either using 
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the two approaches described above is in accord with the 
value obtained by these investigators. The mean ther- 
mal expansivity from 298 to 1000 K of 44 x 1079 K~? 
calculated from the modified treatment of the lattice dy- 
namics is close to the experimental value of 40 x 10-9 
K^! [Knittle et al., 1986]. We note that the thermal ex- 
pansivity has a significant temperature dependence, with 
a calculated to be 23 x 1079 K~? at 298 K. This value 
is in excellent agreement with the results of recent low- 
temperature single-crystal x-ray diffraction measurements 
of Hazen and Ross [1988]. 
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DEFECTS AND DIFFUSION IN MgSiO, PEROVSKITE: A COMPUTER SIMULATION 


Alison Wall! and Geoffrey D. Price 
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Abstract. We use an atomistic computer model to 
calculate the energies of point defects in MgSiO, perovskite. 
A magnesium and oxygen Schottky pair defect is predicted 
to be the lowest energy defect in this structure, while Si 
Frenkel pair defects are the most difficult to form. The 
diffusion of oxygen in the perovskite lattice is predicted to 
occur most readily along <100> of the orthorhombic cell, and 
to have an activation energy of 452 kJmol™ for intrinsic 
diffusion and 81 kJmol! for extrinsic diffusion. The 
predicted activation volume for this process is 1.6 cm?mol !. 
All of these values are in excellent agreement with inferred 
or measured behaviour in other perovskite and related 
phases. This study lays the foundations for further work 
aimed at determining the rheological behaviour of silicate 
perovskites and hence of the Earth's lower mantle. 


1. Introduction 


Progress in understanding mantle dynamics and the 
thermal evolution of the Earth is limited by our lack of 
information on the high pressure and temperature properties 
of most mantle-forming phases. Thus, for example, although 
it is believed that the bulk of the lower mantle is composed 
of magnesium silicate perovskite, virtually nothing is known 
about the likely rheological behaviour of this major Earth- 
forming phase. Furthermore, it 1s unlikely that it will be 
possible to carry out any experiments to determine the 
critical parameters controlling the deformation behaviour of 
magnesium silicate perovskite in the near future, because of 
the high pressures and temperatures needed to stabilize this 
phase. 

As an alternative to direct study, therefore, we have 
attempted to use computer simulations to suggest the nature 
of defects in magnesium silicate perovskite. The study of 
structural defects is vital if we are to establish the 
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rheological properties of a material, as it is these defects 
that provide the mechanism by which solid state transport 
occurs. In this preliminary study, only intrinsic defects in 
MgsiO, perovskite have been considered; the effects of the 
substitution of, for example Fe?*, Ca2*, AI?*, Fe?*, into the 
perovskite lattice are not treated and, therefore, the results 
presented in this paper are likely only to be applicable to a 
real system at high temperature, where the concentration of 
intrinsic defects would be expected to be much higher than 
the concentration of extrinsic defects. It has also been 
assumed that the defect concentration in MgSiO, perovskite 
will be small (less than 0.1 atomic percent), and hence that 
the defects can be considered to be isolated and non- 
interacting [Lasaga, 1981]. In the following sections, we will 
outline the details of the technique used to simulate the 
defects in MgS1O,, and will discuss the results of these 
calculations in terms of the few experimental data that do 
exist. 


2. Computer simulation techniques 


Ideally the computer simulation of a solid would involve 
an explicit solution of the Schródinger equation to a high 
degree of sophistication. This is, however, impractical for 
the study of complex silicates and, therefore, a simpler, 
more approximate approach must be used. The approach 
adopted in this work is to define an algorithm, or 
interatomic potential, to describe the total energy of the 
system in terms of the atomic positions. Using such 
potential models, minimization of the energy of the crystal 
system with respect to the atomic coordinates enables the 
prediction of the minimum energy structure and of 
properties, such as the elastic constants, dielectric constants 
and phonon frequencies, which depend on the second 
derivative of the energy. Such atomistic simulation 
techniques have been successfully used to predict crystal 
structures, elastic constants, lattice dynamics, defect 
energetics, phase transitions, transport properties and 
equations of state for a range of ionic and semi-ionic 
materials [Catlow et al, 1984; Lewis and Catlow, 1986; 
Matsui and Busing, 1984; Matsui et al, 1987; Parker, 
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TABLE 1. Short range potential parameters for 
potentials THB1, TPV1 and TPV2. 


Potential —— THB!  TPV1  TPV2 
Ad 1428.5 1233.8 1018.9 
Asio 1283.9 1383.7 12839 
AD 22764.3 22164.3 20443.2 
Bas 0.2945 0.2925 0.2950 
Bi 0.3205 0.3205 0.3305 
Boo 0.1490 0.1490 — 0.1490 
Cas 10.66 10.66 — 2374 
oA 27.88 27.88 — 3183 
dus 42.000 42.000 +1.756 
dsi +4,000 +4.000 — 43.605 
T 40.848 40.848 -1.787 
core -2.848 -2.848 — - 

k, 74920 74.920 - 

kosio 2097 2097  - 


Short range potential: 
U. = A, exp( -r/B,) -Crê 
ij dj ij ij 


+kr* 


s core-shell 


2 
+ ko o8 - 1-57) 


Units: eV, À, radians. 


1983a,b; Price and Parker, 1984; Rahman, 1979; Walker et 
al., 1981, Wall and Price, 19882]. 

The interatomic potential functions are defined to model 
the net forces acting between atoms in a solid, which 
include contributions from ionic, covalent and van der Waals 
bonding. One of the simplest and most widely used 
expression for an interatomic potential has a rigid ion, 
central force, pair-wise additive form. The static cohesive 
energy (U,) is calculated by a summation of all the 
interactions between pairs of ions in the unit cell. In an 
ionic solid the dominant contribution to the static cohesive 
energy is made by the long range Coulombic term (Uo), but 
it is also necessary to include a term, Ui, to model the 
short range repulsive and attractive forces known to act 
between atoms [see, for example, Cochran, 1973]: 


Up =Ue +U; (1) 
A rigid ion potential may be extended to include a shell 


model, that simulates ionic polarizability, and bond-bending 
and other three body terms, that simulate, for example, the 
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directional component of covalent bonding. The terms used 
in atomistic models are discussed more fully in several of 
our recent papers [e.g. Wall et al. 1986; Price et al., 1987a, 
b]. Three interatomic potentials, THB1, TPV1 and TPV2, 
defined in Table 1, were used in these defect calculations 
because they predict the experimentally determined structure 
and elastic moduli reasonably well (Table 2), and are 
dynamically stable. 

In addition to perfect lattice properties, atomistic 
simulations can be used to predict the energy of defects in 
a crystal lattice. In calculating the energy of a defect it is 
vital that the atoms surrounding the defect are allowed to 
relax; in semi-ionic and ionic solids defects are generally 
charged and hence have long range Coulombic forces 


TABLE 2. Observed and simulated structural and 
elastic properties of MgSiO, perovskite. 


Observed THB1 TPV1 TPV2 
a 4.715 4.824 4.819 4.847 
b 4.929 4.847 4.893 4.909 
c 6.897 6.844 6.893 6.921 
I* 0.063 0.033 0.045 
Vv 162.3 160.0 162.5 164.7 
$1-O(2) 1.783 1.737 1.779 1.775 
Si-O(2) 1.796 1.739 1.783 1.779 
Si-OQ) 1.801 1.739 1.790 1.787 
I* 0.055 0.010 0.014 
Mg-O(1) 2.014 2.123 1.997 2.046 
Mg-O(2) 2.052 2.134 2.015 2.061 
Mg-O(1) 2.096 2.318 2.206 2.229 
Mg-O(2) 2.278 2.401 2.385 2.397 
Mg-O(2) 2.427 2.414 2.449 2.458 
Mg-O(1) 2.846 2.568 2.780 2.758 
Mg-O(1) 2.961 2.708 2.858 2.832 
Mg-O(2) 3.120 2.768 2.891 2.945 
I* [8] 0.115 0.070 0.078 
I* [12] 0.203 0.115 0.109 
K 247 347 333 255 
G 150 213 199 151 
ri. 1.839 1.669 1.641 - 


*root mean square error in A. Unit cell parameters and bond 
lengths in A or A? as appropriate. Observed structure from 
Horiuchi et al. (1987). Bulk modulus and shear modulus in 
GPa. Observed values from Kudoh et al. (1987) and 
Liebermann et al. (1977). 
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(Ila) (llb) —— œ 


Fig. 1. The defect model; showing regions 1, 2A and 2 
around the defect, D. 


associated with them. The CASCADE code calculates defect 
energies using the approach originally developed by Mott 
and Littleton [1938] in which the crystal is split into two 
spherical regions, shown in Figure 1 [Catlow, 1986; Parker, 
1983b; Catlow and Mackrodt, 1982]. 

Region 1, immediately surrounding the defect, is defined 
to contain 100 or more ions. An atomistic simulation is 
explicitly carried out to adjust the ionic coordinates until 
they are at positions of zero net force. More approximate 
methods are used to treat the outer regions in which the 
forces arising from the defect are relatively weak. 

In the Mott-Littleton approach, a defect of charge q is 
considered to cause a polarization P, at a distance r from 
the defect, of: 


P = qr°(1 - ey br (2) 


where £ is the static dielectric constant. (This relation is 
only strictly applicable to cubic crystals, but see Catlow im 
Mackrodt [1982] for more details). The defect energy Ey 
expressed as: 


Ey - E,(r) + E, Xr, or.) +E,(5r,) (3) 


where E, is the energy from region 1 with a coordinate 
vector r}, E, is the energy of region 2 with vector dr, of 
coordinate displacements and E, , is the interaction energy 
between regions 1 and 2. ad 

If the magnitude of the vector or, is sufficiently small, 
then E, may be expressed, using the harmonic 
approximation, as: 


E, = 1/2.5r,.A.6r, (4) 
where A is the force constant matrix, and at equilibrium: 


= -Aór, (5) 


dE, j(r,,ór;) 
dd bn=6n* 


rj 
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where ér,* is the equilibrium value for àr,. Hence, 
substituting equation (5) into equation (4) and then in to 
equation (3), the defect energy becomes: 


=E (r) + E, Yr, or) - 1/2. dr,.dE dE, (r 8r) (6) 

dôr; br=5r* 
This expresses E, in terms of E, and E, only and so E, 
does not need to be explicitly evaluated. E, i is calculated by 
an explicit atomistic summation of the ions in region 1. To 
evaluate E, Xr, or, ) and its derivatives, it has been found 
necessary to define a subdivision of region 2, region 2A, in 
which the interaction of the ions with region 1 is 
considered in more detail than for the rest of region 2. The 
displacements in region 2A are calculated using the Mott- 
Littleton procedure as the sum of displacements due to all 
the component defects in region 1. The energy E; 2 and its 
derivatives are calculated by direct summation of the 
interactions between the two regions. For the rest of region 
2, the interaction is assumed to arise purely from the net 
effective charge of the defect in region 1. 


3. Results 


The dominant type of point defect present at a particular 
temperature and pressure will be the one that is 
energetically most favorable. Therefore, the free energies of 
formation of some possible point defects in MgsiO, 
perovskite were evaluated at zero pressure and temperature 
and also at 2625 K and 100 GPa (lower mantle conditions). 
If bulk diffusion in the intrinsic regime occurs by vacancy 
or interstitial jumps, the activation energy for diffusion is 
dependent on the free energy required to form defects (AG,) 
and the free energy required to enable the defect to 
migrate to a new site (AG, ). Hence, the free energies of 
migration of oxygen and magnesium at zero pressure and 
temperature and the free energy of migration of oxygen at 
2625 K and 100 GPa were also calculated. 


3.1 Defect formation energies at 0 K - 0 GPa 

The free energies of formation of some isolated defects 
in MgSiO, perovskite were calculated using the computer 
code CASCADE. The defects considered were intrinsic 
Schottky and Frenkel defects. The free energy of formation 
of a defect (AG) is given by [e.g. Poirier, 1985]: 

AG, = AH, - TAS, (7) 
where AS, is the entropy of formation and AH, is the 
enthalpy of formation, defined in terms of the formation 
energy (AE) and the formation volume (AV) as: 

AH, = AE, + PAV, (8) 


The AV, and AS, terms are assumed to be negligible at low 
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Fig. 2. (a) The ideal cubic perovskite structure; perspective view of the framework of SiO, octahedra. 
Hatched circles, Mg; black circles, Si. (b) Projection of the perovskite structure along [001], showing two 
possible paths of oxygen diffusion. Broken lines outline the orthorhombic unit cell and the O atoms 
around the edges of the SiO, octahedra are joined by solid lines. (c) Configuration of atoms used to 
calculate the migration energies of O and Mg. A square represents a vacant site and a circle an atom. 


pressure and temperature. Hence, the component energy 
terms required to evaluate these defect free energies are 
the individual vacancy and interstitial defect energies (AE,), 
derived from the CASCADE code, and the appropriate lattice 
energies. The quartz polymorph was used to evaluate the 
lattice energy of SiO, as this is the stable phase at these 
pressure and temperature conditions. 

Three interatomic potentials, THB1, TPV1 and TP V2, were 
used in these defect calculations. However, because of the 
requirement to maintain charge neutrality, it was not 
possible to calculate the MgO and SiO, Schottky formation 
energies using the partially ionic potential TPV2. The 
perfect atomic coordinates and lattice vectors were derived 
by relaxing the structure at constant pressure (effectively at 
zero pressure and zero temperature). The effect of the 


orthorhombic distortion was ignored for this preliminary 
investigation of the defect energetics of the MgSiO, 
perovskite structure, and only one interstitial site was 
considered. This was the largest interstitial site in the 
MgSiO, perovskite structure, and is centered in an Mg,O, 
octahedral cluster (see Figure 2a). During each interstitial 
energy calculation, an ion was initially placed at the centre 
of this site, but it was allowed to move during the 
relaxation procedure to find a minimum energy position. 
MgSiO, perovskite has a very high density and hence 
the region 1 radius was restricted by the amount of 
computer memory available. During each CASCADE 
calculation, the region 1 and 2A radii were increased to 
check the effect of the region sizes on the defect energy. 
The maximum radius of region 1 used was 0.76 nm which 
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TABLE 3. Vacancy, interstitial and lattice 
energies at 0 K-0 GPa. 


Potential THB1 TPV1 TPV2 
Vg 96.34 94.74 78.25 
Vag 25.14 26.17 19.64 
Vo 23.71 23.86 19.41 
Si, -72.33 -72.84 -56.98 
Mg, -12.00 -13.64 -9.93 
Oi -12.64 -12.50 -11.88 
MgO -41.30 -42.35 -- 
Quartz -128.65 -125.96 -- 
MgSiO -171.30  -169.65 -135.38 


Energies in eV. 


contained 183 ions, and the total number of ions considered 
explicitly (in regions 1 and 2A) was about 2800. The degree 
of convergence obtained from increasing the region 1 radii 
was better than 0.1 eV for the vacancy energies, but up to 
0.5 eV for some interstitial energies. 

The energies of isolated vacancies and interstitials in the 
MgSiO, perovskite lattice, together with the required lattice 
energies, are given in Table 3 and the resulting energies of 
defect formation are presented in Table 4. There is little 
difference in the defect formation energies predicted by 
potentials THB1 and TPV1, but the energies simulated by 
potential TPV2 are lower because of the partial ionic 
charges in this potential. However, all the relative total 
defect energies are similar. 

By comparing the formation energies per defect, the MgO 
Schottky pair is predicted to be the lowest energy intrinsic 
defect in MgSiO, perovskite, and hence this is the defect 
type likely to predominate at high temperature. The highest 
energy defect (and, therefore, the defect least likely to 
occur) is the Si Frenkel pair. 

The site fraction (X) of MgO Schottky defects is related 
to the formation energy and the temperature (assuming that 
the formation energy is independent of temperature) by the 
relationship: 


X = exp(-AG, / 2RT) (9) 


where AG, is the formation energy per mole [see, for 
example, Lasaga, 1981] and R is the gas constant. The 
number of MgO Schottky pairs in MgSiO, perovskite was, 
therefore, calculated at various temperatures; the results are 
presented in Table 5. Compared to the calculated 
concentration of Schottky defects in MgO and NaCl [see 
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Lasaga, 1981], the concentration of defects in MgSiO, 
perovskite is very low. For example, MgO has a melting 
point very similar to the estimated melting point of MgSiO 
perovskite [Heinz and Jeanloz, 1987], but at 2273 K the 
concentration of Schottky defects is 8.6 x 1073 m? and 
NaCl, which melts at 1074 K, has a defect concentration at 
800 K of L5 x 10? m?. A higher intrinsic defect 
concentration may be predicted, however, if the vibrational 
entropy is also considered; for example, Harding [1986] 
calculated that the energy, AE, of a Schottky defect in KCI 
decreases with increasing temperature while the defect 
entropy, AS, increases. 


3.2 Defect migration energies at 0 K - 0 GPa 


Since it is predicted that the MgO Schottky defect will 
be the predominant intrinsic defect in MgSiO, perovskite, it 
is probable that Mg and O diffusion will occur by a vacancy 
migration mechanism. In this section, the migration energies 
and pathways for O diffusion are investigated. 

Assuming that O migration occurs by a vacancy hopping 
mechanism, there are two possible paths for O migration 
through the perovskite lattice; along the orthorhombic 
<100>, direction (around the edges of the SiO, octahedra) 
and along the <110>, direction (through the Mg,O R 
octahedral cluster). These two routes are illustrated in 
Figure 2b. 

The free energies of migration (AG „) were calculated for 
each of these paths using potential TPV1 to assess which is 
the more favorable (lower energy) route. The free energy of 
defect migration is defined in a similar way to the free 
energy of defect formation, namely: 


TABLE 4. Defect formation energies in MgSiO 
perovskite at 0 K - 0 GPa. 


3 


Potential THB1 TPV1 TPV2 
Schottky 
MgO 7.6 7.7 -- 
SiO 15.1 16.0 -- 
Mg$iO, 213. 228 207 
Frenkel pair 
Mg 13.1 12.5 9.7 
Si 24.0 21.9 21.3 
O 11.1 11.3 7.5 


Energies in eV. 
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TABLE 5. Number of MgO Schottky pairs in 
MgSiO, perovskite at 0 GPa. 


T(K) X n 
300 2.1 x 10%5 5.2 x 1027 
1000 4.0 x 1029 1.0x 10? 
2000 2.0 x 10:19 5.0x 1018 
2150 8.8x 108 1.7x 102! 


X = site fraction; n = number per m? 


AG, - AH, - TAS (10) 
m m m 

AH, - AE, 4 PAV (11) 
m m m 


Calculations of the energy levels along each of these 
routes were made by placing two vacancies on adjacent O 
sites to represent the site vacated by the hopping ion and 
the destination site, and an interstitial oxygen ion was 
placed at chosen fixed points between these two vacancies. 
This configuration is sketched in Figure 2c. The migration 
pathway may not follow the shortest route between the two 
vacancies, but will depend on the relative forces exerted on 
the diffusing atom by the surrounding atoms and, therefore, 
possible deviations of the migration path were also 
investigated. The energy of migration (AE, ) is derived by 
subtracting the energy of the oxygen ion on its starting site 
from the point of highest energy along the migration path 
(the saddle point energy). 

The calculated migration pathways are shown in Figures 
3 and 4. For migration along the «110», direction, the 
diffusing oxygen ion is predicted to follow almost a straight 
path, possibly deviating very slightly towards one of the two 
surrounding Mg ions. The AE, is 3.21 eV (310 kJmol'!). 
During diffusion along the «1005. direction, the oxygen ion 
is predicted not to follow a straight path, but to move away 
from the Si atom in the centre of its SiO, octahedra. The 
AE, is predicted to be 0.84 eV (81 kJmol'!). Hence, oxygen 
migration along the «100», direction is predicted to be 
energetically much more favorable. This result is confirmed 
in a molecular dynamics simulation reported elsewhere [Wall 
and Price, 1988b]. 

The activation energy for oxygen diffusion in the 
intrinsic regime is given by a combination of the energy 
required to form the oxygen vacancy (assumed to be half 
the MgO Schottky pair energy) and the oxygen migration 
energy (assuming that the oxygen atom will jump along the 
<100>, direction): 
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AG, =AG,/2+ AG, (12) 


[see, for example, Lasaga, 1981; Poirier, 1985]. The 
activation energy for oxygen diffusion is, therefore, 
calculated to be 452 kJmol!. In the extrinsic regime, 
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0-4 
X-Y (O): 
Fig. 3. Oxygen defect energies sampled at various points 
along a path in approximately the «110», direction between 
two oxygen lattice sites. a) Along the Z direction to the 
mid-point; b) at the mid-point along Z and in the X-Y 
direction towards the adjacent Mg atom; c) at the mid-point 
along Z and in the X-Y direction towards the adjacent O 
atom. 
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Fig. 4. Oxygen defect energies sampled at various points 
along a path in approximately the «1002, direction between 
two oxygen lattice sites. a) Along the Y direction to the 
mid-point; b) at the mid-point along Y and away from the 
adjacent Si atom; c) at the mid-point along Y and towards 
the adjacent Mg and O atoms. 


however, the energy for oxygen diffusion is equivalent to 
the energy for migration alone: 81 kJmol'!. 

To calculate the activation. energy for magnesium 
diffusion, the migrating magnesium atom has been assumed 
to move along a straight path through the centre of the 
Mg,O, octahedron. The AE, was calculated to be 4.56 eV 
(440 kJmol)), giving an activation energy for magnesium 
diffusion of 812 kJmol!, considerably higher than that 
required for oxygen diffusion. The activation energy for 
magnesium migration in the extrinsic regime is calculated to 
be 440 kJImol!, again, considerably higher than that 
predicted for oxygen diffusion. 
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3.3 Defect energies at 2625 K - 100GPa 


The defect formation energy calculations above were 
repeated with potential TPV1 and a structural data set 
minimised at 2625 K and 100 GPa; conditions which are 
thought to occur in the lower mantle. 

The vacancy, interstitial and lattice energies, listed in 
Table 6, were much more difficult to evaluate with this data 
set. The structure is even denser than at 0 K - 0 GPa and, 
therefore, the region 1 size in the CASCADE calculations 
was reduced to a radius of 0.62 nm and contained 155 ions. 
The total number of ions considered explicitly was about 
2900. 

During CASCADE runs to evaluate the interstitial 
energies, the interstitial ion and other neighboring ions 
moved large distances away from their lattice sites 
preventing successful energy minimisation. For example, the 
insertion of a Si ion at the centre of an Mg,O, octahedral 
cluster, caused an adjacent Mg ion to move 6.045 nm away 
from its lattice site and the Si interstitial to move 0.028 nm 
away from its starting position, thus creating a split 
interstitial configuration, These configurations are, 
therefore, predicted to be more stable than an isolated 
interstitial defect and are used in the calculation of defect 
formation energies. 

The defect formation energies were evaluated and are 
listed in Table 7. Again the MgO Schottky pair energy is 
predicted to be the most stable intrinsic defect. At this 
increased density, it is energetically less favorable to have 
Frenkel pairs in the structure while, conversely, the 
Schottky defects have marginally lower energy than under 
ambient conditions. This result for Schottky defects is 


TABLE 6. Vacancy, interstitial and lattice 
energies at 100GPa-2625K. 


Potential TPV1 
Ma 97.23 
Vag 25.27 
Vo 22.90 
Si, -65.80 
Mg, -7.14 
O, -9.45 
MgO -40.93 
Stishovite -126.96 
MgSiO, -167.07 


Energies in eV. 
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TABLE 7. Defect formation energies in MgSiO, 
perovskite at 100GPa - 2625K. 


Potential TPV1 
eV eV per defect 

Schottky 

MgO 7.3 3.6 

SiO 16.1 5.4 
MgSiO, 24.1 4.8 
Frenkel pair 

Mg 17.5 8.8 

Si 31.4 15.7 

oO 13.5 6.7 


surprising as increasing pressure usually has the effect of 
lowering the vacancy concentration in ionic crystals. 
However, the difference between the Schottky energies at 0 
K - 0 GPa and at 2625 K and 100 GPa is only small and 
may be due, in part, to errors in the defect energies caused 
by the restrictions on the region 1 size. 

The migration energy for O diffusion in the orthorhombic 
«100», direction was calculated in a similar way to that 
described above. However, the assumption that the saddle 
point energy would occur in about the same relative position 
was made, and hence less points in the perovskite structure 
were sampled. Oxygen diffusion along the «100», direction 
is predicted to have a migration energy of 2.14 eV (206.5 
kImol), much higher than at 0 K and O GPa. The 
corresponding activation energy for diffusion, assuming a 
vacancy hopping mechanism in the intrinsic regime, was 
calculated to be 556 kJmol !. 

We have also performed calculations that enable us to 
estimate the activation volume for O diffusion in perovskite. 
The activation volume describes the variation of the free 
energy with hydrostatic pressure. It can be defined for the 
free energy of defect formation or the activation energy for 
diffusion as: 


V* = aAG/dP (13) 
where AG is given by: 
AG = AE + PAV - TAS (14) 


The activation volumes for MgO Schottky defect formation 
and oxygen diffusion are calculated by assuming that the AE 
does not vary with pressure and the TAS term is zero at 0 
K and thus: - 


dAG = dP.dAV (15) 


where dAV is equivalent to V*. The defect energies used 
were those predicted at 0 K and 0 and 100 GPa. 
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At 0 K and 100 GPa, the energy of formation of an MgO 
Schottky defect is predicted to be 7.08 eV (683.0 kImol !) 
and hence the activation volume for defect formation is -0.6 
cm?mol. The free energy of oxygen diffusion along the 
«10055 direction at O K and 100 GPa was calculated to be 
608 kImol'!, giving an activation volume of 1.6 cm^mol 


4. Discussion and conclusion 


In our calculations, the MgO Schottky pair is predicted 
to be the lowest energy intrinsic defect in MgSiO 
perovskite both at 0 K - 0 GPa and at 2625 K and 100 GPa. 
This result is in accordance with other calculations of 
defect formation energies in the perovskites BaTiO, [Lewis 
and Catlow, 1986] and KMEF,. 

At 0 K - 0 GPa, the lowest energy path for oxygen 
migration is in the orthorhombic «100», direction with an 
activation energy for intrinsic diffusion of 452 kJmol", 
Magnesium, assumed to hop along a straight path, has a 
higher activation energy for diffusion of 812 kJmol"!. In the 
extrinsic regime, oxygen diffusion again has a lower 
activation energy than Mg diffusion, with a predicted value 
of 81 kImol!. There is little experimental data against 
which to compare these predictions. However, Knittle and 
Jeanloz [1987] have reported the activation energy for the 
back transformation of perovskite to pyroxene to be 70 20 
kImol!. Knittle and Jeanloz chose to interpret this energy 
in terms of the jump energy of Mg within the perovskite 
lattice. It is not obvious that this activation energy can be 
interpreted in terms of any simple jump process, but if it is, 
then we would suggest that it is more likely to correspond 
to a process related to extrinsic oxygen diffusion rather 
than to the energetically more difficult migration of Mg. 
Further support for the accuracy of our predicted activation 
energy for extrinsic oxygen diffusion in perovskites comes 
from recent studies of oxygen mobility in structurally 
related superconductors. Routbort et al. [1988] have recently 
studied the diffusion of oxygen in La,,Sr,CuO,., 
structurally related to perovskite, and found values for the 
activation energy in the range 77 to 108 kJmol!. The 
similarity of these results with those predicted in this study, 
suggests that our computer model predictions for defect 
energies are quantitatively reliable. 

We also note that our predicted value for the activation 
volume for oxygen diffusion along <100>,, 1.6 cm3mol", is 
in the range required by Yuen and Zhang [1987] to explain 
the magnitude of the topography of the core-mantle 
boundary (CMB). They suggest that the processes 
determining lower mantle viscosity must have an activation 
volume of between 1 and 2 cm?mol'! in order to produce 
CMB relief of a few kilometers. Although it is unlikely that 
O diffusion will be the rate determining process in mantle 
rheology, it is encouraging to find that such small activation 
volumes can indeed be associated with any diffusion process 
in such a densely packed material. 

We have not presented simulations of Si diffusion in this 
paper. There is no simple path for silicon diffusion through 
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the perovskite structure and the determination of the lowest 
energy route will require the evaluation of the energy of a 
large number of interstitial positions. However, even though 
the activation energy for silicon diffusion has not yet been 
evaluated, it will probably be much higher than that for 
magnesium or oxygen diffusion, because of the high energies 
of formation calculated for both Schottky and Frenkel 
defects involving silicon. Silicon is, therefore, likely to be 
the slowest diffusing species in perovskite, and silicon 
mobility will be the rate controlling process in determining 
the rheological behaviour of MgSiO, perovskite. The details 
of silicon diffusion in MgSiO, perovskite are under 
investigation. 
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Abstract. MgSiO3, BaTiOs, La?CuO4, and YBa2Cu307 are 
studied using the Linearized Augmented Plane Wave (LAPW) 
method and the Potential Induced Breathing (PIB) model. 
MgSiO3 is an important geophysical material and prototypi- 
cal dense silicate, BaTiO3 is an important ferroelectric 
material, and La?CuO4 and YBayCu307 are examples of the 
new high-temperature superconductors. MgSiOs is found to 
be quite ionic, whereas BaTiO3 has significant covalent 
character, and the high-temperature superconductors have an 
unusual combination of ionic, metallic, and covalent charac- 
ter. The equation-of-state of orthorhombic MgSiO3 is in 
good agreement with experiment, and the elastic constants, 
which were calculated and published before experimental 
data were available, are in close agreement with experiment. 
The ferroelectric phase transition in BaTiO3 from cubic to 
tetragonal is not found using highly accurate LAPW calcula- 
tions. This lends support to order-disorder models for the 
phase transition. Also, contrary to many current models, 
the charge distortion in BaTiO3 centers around the Ti 
rather than the O ions. The PIB model gives the correct 
tetragonal to orthorhombic transition in La2CuO4. Lattice 
dynamics in the high-temperature superconductors shows 
numerous double-well type modes. A stable oxygen breath- 
ing mode is found using PIB, in agreement with experiment. 
A combination of elaborate LAPW and simple model calcula- 
tions is shown to be a fruitful approach for understanding 
the bonding, total energies, lattice dynamics, and elasticity 
of oxide perovskites. 


Introduction 


Computational solid state physics has now advanced to 
the point that complex crystals such as perovskites and the 
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new high temperature superconductors can be studied using 
non-empirical methods. This is partly because of recent 
accessibility of supercomputers with large memories, partly 
because of developments in self-consistent electronic 
structure methods, and partly because of the development of 
ab initio models, which though not self-consistent, are often 
quite accurate. The appeal of non-empirical methods is that 
one can be sure that artifacts are not introduced into the 
physics by fitting a parameterized theory to experiment, and 
that results can be obtained for systems or regimes where 
experimental data are not yet available. Although theory 
has become quite accurate recently, it is a mistake to 
expect approximate theories to have the same accuracy as 
experiment. On the other hand, there are regimes in which 
experiments are extremely difficult or impossible, for 
example, measurement of phonon dispersion at high pres- 
sures, determination of phonon eigenvectors in complex 
crystals, Or measurements of elasticity at ultra-high 
pressures, and in such cases theoretical calculations give the 
only information that can be obtained. 

All of the calculations presented here are performed 
within the local density approximation (LDA). The LDA is 
based on the Hohenberg-Kohn density functional theory. 
Hohenberg and Kohn [1964] and Kohn and Sham [1965] 
proved that obtaining the ground state properties of the 
many electron problem can be reduced exactly to solution of 
a set of single particle Schródinger-like equations for an 
effective potential. The LDA assumes a local form for this 
potential. The LDA has been found in the past eight years 
to generally give quite accurate total energies and occupied 
state energies. The exceptions to this general success lie in 
the areas of magnetic crystals. Even for the more problem- 
atic systems, LDA typically gives fairly good total energies. 

The LDA can be applied at various levels of approxima- 
tion. At the most accurate end of the scale is the Lineari- 
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TABLE 1. Calculated 
energies for cubic 
MgsiO3 using the LAPW 


method. 

V(A3) E (Ryd) 
30.37784 -1426.2349 
32.00787 -1426.3362 
33.34153 -1426.4027 
35.56430 -1426.4820 
38.84570 -1426.5448 
42.60248 -1426.5619 


zed Augmented Plane Wave (LAPW) method [Wei and 
Krakauer, 1985]. In the LAPW method, no essential 
approximations (other than the LDA) are made for either 
the potential or the charge density. In LAPW there is a 
dual representation for the charge density and the potential: 
each is expanded as a sum of plane waves in the "intersti- 
tial” region between spherical "muffin tins". Inside the 
muffin tins, the electron orbitals are represented as radial 
solutions to Schrödinger’s equation for a given energy 
parameter E for each state, the E derivatives of the radial 
wave functions, and spherical harmonics for the non- 
spherical contributions. See Mehl et al. [1988] for a more 
extended discussion of the LAPW method. Although it is 
highly accurate, the disadvantage of the LAPW method is 
that it is extremely computationally intensive. A converged 
calculation for a single volume for a cubic perovskite 
requires on the order of 10-20 Cray-XMP hours. For more 
complex crystals over 100 Cray hours are often required. 
The memory requirements grow as the square of the system 
size and the time requirements grow as the cube. Ab initio 
models have the advantages of self-consistent methods in 
that they are non-empirical, but are up to six orders of 
magnitude faster than LAPW. 

In an ab initio model, a physical model is chosen for the 
crystal charge density. The total energy and its derivatives 
can then be calculated directly from the model charge 
density using the LDA. The success of an ab initio model 
depends on the accuracy of the model charge density and on 
the accuracy of the density functionals that are used. 
Typically one uses the Thomas-Fermi form for the kinetic 
energy in an ab initio model, whereas the more accurate 
Kohn-Sham kinetic energy, which cannot easily be obtained 
in a non-self-consistent method, is used in self-consistent 
applications of density functional theory. 

We have developed an ab initio model for oxides that has 
shown considerable success in the cubic alkaline earth 
oxides [Mehl et al., 1986, Cohen et al., 1987a], bromellite 
(BeO) [Jephcoat et al., 1988], corundum, stishovite [Cohen 
1987a], MgSiO3 perovskite [Cohen 1987b], and copper-oxide 
superconductors [Cohen et al, 1988b,c]. The Potential 
Induced Breathing (PIB) model is a derivative of the 
Gordon-Kim [1972] model. In the latter, the crystal charge 
density is approximated by overlapping rigid ion charge 
densities. A difficulty with oxides is that Q?- is not 
stable in the free state. In the PIB model, the oxygen ion 
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is stabilized by including a charged Watson sphere in the 
quantum mechanical calculation of the ionic charge density. 
The radius of the Watson sphere is chosen to give the 
Madelung potential at the site in the crystal. This gives 
many-body forces that lead to, for example, the observed 
trends in the Cauchy violations in the cubic alkaline earth 
oxides. There are three contributions to the total energy in 
PIB: the Madelung, or electrostatic, energy between ions, 
the self-energy, or energy of each separated ion, and the 
overlap energy, or energy change when ionic charge 
densities are overlapped. More details on the PIB model are 
given in the above papers and in Boyer et al, [1985a,b, 
1986] and Cohen et al., [1987b]. 

Here we discuss results for MgSiO03, BaTiOs, La2CuO4, 
and YBaoCu3O;. These oxides encompass a wide variety of 
important phenomena. MgSiO3 is an important geophysical 
mineral which is believed to be the major mineral in the 
Earth's lower mantle. The behavior of MgSiOs perovskite is 
crucial input to geophysical models. BaTiO3 is a most 
important member of the ferroelectric materials, which are 
interesting both scientifically and technologically. LaoCuO4 
and YBa5Cus307; are of course high temperature superconduc- 
tors, whose fascinating properties are leading to a resur- 
gence in the study of superconductivity, and may someday 
lead to a revolution in technology. 


MgsiO3 
LAPW Calculations for Cubic MgSiO; 


In order to examine the bonding in MgsSiQ3 and to test 
the PIB model for a dense silicate, a series of LAPW 
calculations were performed for the cubic perovskite. Cubic 
MgSiO3 has not been observed in the laboratory. This also 
exemplifies another advantage of theory--calculations can be 
performed for crystals that are not stable in the laboratory. 
[Sometimes such crystals are predicted to have desirable 
properties and then a way can be found to stabilize and 
grow them.] In this case we know from PIB calculations 
that at low pressures cubic MgSiOs is only slightly unstable 
with respect to orthorhombic Pbnm perovskite. Further- 
more, the bonding in orthorhombic MgSiOs is probably not 
qualitatively different from the bonding in cubic MgSiO3. 
An LAPW calculation for orthorhombic MgSiOs would require 
64 times more time, and is thus impracticable with current 
supercomputers. 

Calculations were performed for 6 volumes. The 
resulting energies are given in Table 1 (1 Ryd = 13.6 eV). 
A third-order Birch [1978] fit to the energies gives a-3.48 
A, Kg=279 GPa, and K,’ 23.41 with an root mean squared 
error of 0.7 mRyd. 

The calculations are highly converged in an absolute 
sense. Two energy windows were used to obtain maximum 
accuracy for the calculation. The lower (semicore) window 
included the Mg 2p and O 2s states and the upper (valence) 
window included the states with primarily O 2p character. 
The core states were calculated fully relativistically, and the 
band states were calculated semi-relativistically (all relativi- 
stic effects except spin-orbit shifts, which are negligible for 
these atoms) [Koelling and Harmon, 1977]. Bloch functions 
were included out to a radius K max=10.8 A’! in k-space for 
the valence window and out to Kggx-9.4 Aq’ in the 
semicore window. This gives 430 LAPW basis functions in 
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Difference charge density for the self-consistent 
LAPW charge density for cubic MgSiO3 perovskite compared 


Fig. l. 


with PIB for the (110) plane. The contour interval is five 
milli-electrons per cubic Bohr (1 Bohr - 0.529 À) The 
pressure obtained from the equation of state is 155 GPa and 
the lattice constant a=5.896 Bohr. The silicon is in the 
center, oxygen at the top and bottom, and magnesium at the 
corners. 


the lower window and 650 in the valence window at a 
volume of 30.4 ÀJ for each k-point. Four special k-points 
in the irreducible wedge (64 points in the whole Brillouin 
zone) were used for the k-point integration. Tests indicate 
that eigenvalues are converged to better than 1 mRyd and 
the total energy is absolutely converged to better than 3 
mRyd. 

Figure 1 shows a contour plot of the difference between 
the self-consistent LAPW charge density and the overlapping 
ion charge density of the PIB model for a pressure of 150 
GPa. [Although we use self-interaction corrected [Perdew 
and Zunger, 1981] charge densities in PIB, we must use LDA 
charge densities for the overlapping ions when comparing 
PIB and LAPW, since no self-interaction corrections have 
been included in the LAPW calculations.] The differences 
are fairly small. A small buildup of charge in the Si-O 
bond is evidence of some covalency, but the number of 
electrons involved is small (««0.1) The self-consistent 
charge density is quite ionic. At lower pressures, the 
bonding is expected to be even more ionic since there is 
decreased overlap between the ions at larger volumes. The 
high ionicity of MgSiO3 is responsible for the success of 
the fully ionic PIB model, discussed next. 


PIB 


The difference charge density in Figure 1 shows a small 
Si-O bond charge and evidence of a small amount of 
covalency. The question immediately arises even though 
these differences are small, could they significantly affect 
calculated bulk properties such as the equation of state? 
Figure 2 shows the static equation of state for cubic 
MgsiO3 using LAPW and PIB. The PIB calculations were 
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over five orders of magnitude faster than the LAPW 
calculations, yet the equations of state are in almost perfect 
agreement. A third order Birch fit to the PIB energies for 
the cubic structure gives a=3.46 A, Kọ=280 GPa, and 
K'5-3.86 compared with a=3.48 A, K =279, and K'5-3.41 
calculated using PIB. Agreement in other systems will in 
general not be this good, but clearly one can see that the 
ionic description gives an accurate equation of state for 
MgsiO3 compared with the self-consistent result. The small 
amount of covalency seen in Figure 1 evidently does not 
appreciably affect bulk properties such as the equation of 
state in this material. 

Cohen [1987b] calculated the elastic constants, equation 
of state, and thermal properties of orthorhombic (space 
group Pbnm) MgsiO3. The calculated elastic constants, 
which were calculated before experimental data were 
available, are in quite good agreement with experiment [see 
Yeganeh-Haeri et al., 1988]. Figure 3 shows the calculated 
room temperature equation of state for Pbnm perovskite. 
Also shown are the experimental data of Knittle and Jeanloz 
[1987] and Yagi et al. [1982] and the theoretical results of 
Hemley et al. [1987] and Wolf and Bukowinski [1987]. One 
sees increasing agreement with experiment as approximations 
in the theory are removed. Table 2 shows the elastic 
constants calculated in Cohen [1987b] as well as the 
measured elastic constants. 
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Fig. 2. Equation of state for cubic MgSiO3 perovskite in 
PIB and LAPW. 
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structure at a temperature of 1209C. Crystals with fer- 
roelectric transitions exhibit a spontaneous electrical 
polarization below some critical temperature. This leads to 
large values of the dielectric constant, for instance, and 
ferroelectric materials have many applications as detectors, 
modulators, memories, etc. [Lines and Glass, 1977]. Al- 
though there is much interest in ferroelectrics, little is 
known about the changes in bonding during the transition, 
and there is much controversy about the driving force for 
the transition. Most models for oxide ferroelectrics assume 
a parameterized shell model, in which the oxygen atoms are 
modeled as mechanical "cores" and "shells" attached by 
springs. The spring constants and shell charges are 
adjusted to give a double-well potential which leads to a 
transition from a distorted form, in which only one well of 
the double well is primarily occupied, to equal occupation of 
the two halves of the double well at a critical temperature. 
We have calculated the charge density, electronic structure, 
and total energy for the cubic and distorted structure to 
test whether oxygen distortion is the driving force for the 
transition. We find that the distortion centers around the 
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9 + Knittle PIB Ti in the structure, rather than the oxygen, which calls into 
and Jeanloz an many current models for ferroelectric transitions in 
X Sera Strictly speaking the presence of a macroscopic electric 
o agi e al. field invalidates Bloch’s theorem, on which electronic 


structure calculations for crystals are based, since a 
macroscopic field implies an electrostatic potential gradient, 


n so that the electrostatic potential differs from one unit cell 

| to the next. This means that a completely rigorous first 

ee 55 :3 40 45 principles calculation must somehow account for surface 

V (A per 3 O) depolarization effects, e.g. by treating the solid as a thin 

slab, for which Bloch's theorem holds in two dimensions. 

Fig. 3. Experimental and theoretical equations of state for Macroscopic electric field effects obviously greatly compl- 
orthorhombic Pbnm perovskite. icate a rigorous first principles electronic structure calcula- 


tion, and for this reason workers in the field have avoided 

calculations for ferroelectrics. On the other hand, it is 

The thermal properties of MgSiO4 calculated using PIB possible that the driving mechanism for the transition is 
are problematic because of the occurrence of some imaginary 
frequencies in PIB for complex structures. These imaginary 


frequencies are present only if the Thomas-Fermi kinetic TABLE 2. Elastic constants 
energy functional is used in the self-energy; when the (in GPa) at zero pressure 
Kohn-Sham kinetic energy is used all of the frequencies are for MgSiO3 perovskite. 


real. In PIB, there are effective charge terms that arise 
from the first derivative of the self-energy with respect to 


the Madelung potential at the site. The Thomas-Fermi form PIB Exp 
for the kinetic energy overestimates this term by a factor 
of up to two compared with the self-energy calculated using Static 298K 
the exact Kohn-Sham kinetic energy. This leads to a large 
error in LO type modes in complex crystals. Unfortunately, Cy; 548 531 520 
use of the Kohn-Sham kinetic energy in the self-energy Cia 54 44 #114 
gives inaccurate equations of state when used in conjunction C22 551 531 510 
with SIC charge densities; this problem is under investiga- Cj3 153 143 118 
tion. Fortunately, zone center properties, such as the C53 175 166 139 
elasticity and TO-type Raman and infrared frequencies are C33 441 425 437 
not greatly affected by the effective charges. The thermal C44 241 237 181 
expansivity is discussed in more detail in Hemley et al. Css 253 249 202 
[1988]. C66 139 136 176 
K 256 249 245 
BaTiO4 b 196 192 184 


BaTiO3 has the cubic perovskite structure at high " 
temperatures and transforms to a ferroelectric tetragonal Yeganeh-Haeri et al., 1988 
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TABLE 3. Calculated energies for BaTiO3. 


a(bohr)  V(À3) E (Ryd) 


cubic 

K max = 8.9A7! 
7.0 50.8273 -18419.3614 
7.2 55.3096 -18419.4438 
7.4 60.0479 -18419.4743 
7.5 62.5154 -18419.4743 


Kmax 7 7.8A-! semicore, 8.9A-! valence 


7.5 62.5154 -18419.4608 


ferroelectric 
K max = 7-8A7! semicore, 8.9À^! valence 


7.5 62.5154 -18419.4468 


essentially independent of the macroscopic field, in which 
case restricting the potential to be periodic would not 
drastically alter the forces driving the transition. By 
applying the LAPW method, which is based on Bloch's 
theorem, to ferroelectric BaTiO4 without surfaces, we are 
imposing periodic boundary conditions on each unit cell. 
Whether or not this constraint would drastically alter the 
energetics of the ferroelectric distortion was a fundamental 
question we wanted to address. 

The LAPW program was used to calculate the band 
structure, total energy and charge density of BaTiO3 in the 
cubic structure as a function of volume as well as in the 
experimental ferroelectric structure. We used a xenon core 
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for barium, an argon core for the titanium, and a helium 
core for the oxygen; atomic-like states were calculated in 
each iteration. The O 2s states, Ba 5s and 5p states and 
the Ti 3s and 3p states, as well as the valence band states 
(predominately oxygen 2p character) were treated as bands. 
In the cubic case the LAPW matrix is real, but in the 
ferroelectric structure it is complex due to the lack of an 
inversion center in the space group. The core states were 
calculated fully relativistically, and the band states were 
calculated semi-relativistically. We found that four special 
k-points were sufficient to converge the integration for the 
cubic structure, and six were necessary to converge the 
ferroelectric structure. 

The tetragonal ferroelectric structure used was that of 
Harada et al. [1970] with Ba displaced by 0.015 (in lattice 
coordinates), Ti displaced by 0.028, and O(1) displaced by- 
0.0077 along z. The c/a ratio was 1.01 for the ferroelectric 
structure. For the cubic perovskite, plane waves up to 
K max=8.9 A-! were used, corresponding to about 750 basis 
functions at zero pressure. The ferroelectric calculation 
was done at lower convergence for the lower window, with 
a maximum K max=7-8 A~*, corresponding to about 500 basis 
functions at zero pressure. Therefore, the cubic calculation 
was also done at this convergence in order to compare total 
energies. Convergence tests have not yet been performed 
for the ferroelectric calculation, so that the ferroelectric 
energy should be regarded as preliminary. 

Table 3 shows the energies (in Rydbergs per unit cell) 
calculated for the cubic and ferroelectric structures. A 
second-order Birch fit to the energy values gives a static 
value of the zero pressure cubic lattice constant of 3.94 À 
and a bulk modulus K, of 209 GPa. A third-order fit gives 
a=3.94 A, K,=194 GPa, and K,’=4.79. The experimental 
values are a=4.01 A and K,=200 GPa [Evans, 1961]. Table 3 
also shows the calculated energy for the cubic and fer- 
roelectric structures. 

Figure 4 shows the differences between LAPW and PIB 


TABLE 4. Minimum energy structures for La2CuO4 and YBa7Cu307. 


La2CuO4 YBa2Cu30; 
Tetragonal Orthorhombic Orthorhombic 
14/mmm Abma Pmmm 
PIB Exp” PIB Exp" PIB Exp” 


v (A3) 99.19 94.88 205.76 
c/a 3.01 3.49 2.4 
b/a (1.0 (1.0) 1016 
La(X) (0.0) (0.0) -0.023 
La(Z) 0.366 0.362 0.350 
Oxy(Z) (0.0) (0.0) 0.062 
OX) (0.0 (0.0) -0.151 
O,(Z) 0.193 0.182 0.183 


c 


J. M. Longo and P. M. Raccah [ 
V. B. Grande et al. [1977] 
M. A. Beno et al. [1987] 


189.76 V 184.57 173.45 
2.3 c/a 3.143 3.056 
0.992 b/a 1.071 1.017 
0.007  Ba(Z) 0.202 0.185 
0.362 Cu(Z) 0.351 0.355 
0.007 0(Z) 0.389 0.378 
-.031 03(Z) 0.383 0.378 
0.187  O4(Z) 0.174 0.158 


1973] 
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<001> 
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Fig. 4. Difference charge densities between LAPW and PIB for BaTiO3 at zero pressure (a=7.5 Bohr) for 


the (110) plane. 
tetragonal. 


charge densities for cubic and tetragonal BaTiO3. Two unit 
cells are shown in each figure, in order to bring out the 
environment of the oxygen atom, which is in the center of 
each figure. The barium is at the edges of each figure, and 
the titanium is at the center of each unit cell. The charge 
densities are shown for the (110) plane. The oxygen and 
barium are modeled quite well as O2- and Ba?*. However, 
the differences at the Ti are quite complex. For the 
ferroelectric structure, the distortion is centered around the 
Ti atom rather than the oxygen. 

PIB gave an energy increase of about 28 mRyd for the 
ferroelectric distortion [Boyer et al, 1985] Using LAPW, 
the ferroelectric structure was found to have a higher 
energy by 14 mRyd (0.2 eV). One possible explanation is 
that surfaces must be included in order to obtain a lower 
energy for the ferroelectric structure, for the reasons 
discussed above. This is not easily tested, since slab 
calculations for ferroelectrics are beyond the current 
capabilities of both current computer codes and current 
supercomputers. Another possibility is that the ferroelectric 
structure used in the calculation does not represent the 
proper local structure, but represents an average structure. 


Two unit cells are shown to clarify the differences for the oxygen ion. 
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a. cubic b. 


If ferroelectric BaTiO3 is disordered, with Ti atoms locally 
displaced along the cube diagonals rather than the four fold 
axis, it might be expected that a calculation for the average 
tetragonal structure would give a higher energy. There has 
been a great deal of discussion in the literature on this 
point, and some "split-atom" structure refinements have been 
performed for BaTiO3 [Comes et al. 1968, 1970]. Further 
work remains to fully characterize ferroelectric BaTiO3. 


Copper Oxide Superconductors 


High temperature superconductivity in metallic oxides 
came as quite a surprise to the physics community. There 
is now an intense amount of work being done to understand 
these materials. All of the real progress so far has been 
firmly rooted in experiment, but the hope is that a theoret- 
ical understanding of these materials will lead to the design 
of materials with higher critical temperatures, To, higher 
critical fields, and better material properties. We have 
studied LagCuOg (alloying with Sr leads to T,=40K) and 
YBajCu307 (T.=90K) using both the PIB model and the 
LAPW method. The calculations using PIB were first done 
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O(XY) only) calculation that gives this distortion. Complicated 

many body forces [Anderson, 1987] are not required in order 
to give this "tilt" distortion. Also, note that the ionic 
description gives a longer Cu-O, distance than the Cu-O, 
distance as is observed: ionic forces account for about half 
of the distortion of the Cu-O octahedron when spherical 
ions are used. The Jahn-Teller effect, which is not included 
in PIB, presumably accounts for the rest of the observed 
distortion. The structure of YBajCu307 also comes out 
quite good, except that the order of the Cu-O bond lengths 
is predicted incorrectly. 

Rather than use the Thomas-Fermi kinetic energy 
functional, we have used the Kohn-Sham kinetic energy for 
the self-energy here since it gives a better agreement for 
the volume. The Thomas-Fermi kinetic energy gives too 
large a volume due to the non-spherical, open-shell nature 
of the copper. The Kohn-Sham kinetic energy gives too 
small a volume, generally, when used with SIC charge 
densities. These errors fortuitously cancel here. This was 
the only empirical input to these calculations. Use of the 
Kohn-Sham kinetic energy in the self-energy also gives more 
reliable lattice dynamics, as discussed above for MgSiO3. 

Figure 5 shows the difference in PIB and LAPW total 
charge densities (LAPW minus PIB). The Oz is found to be 
quite ionic. The main differences occur in the copper- 
oxygen plane. Charge moves out of the overlap regions 
between the copper and the oxygen. There is only a very 
small covalent bond charge between the copper and the 
oxygen. This type of bonding behavior is probably quite 
general in oxides with open-shelled cations. For example, 
this is the general pattern observed in FeO [Mehl et al., 
1987]. 

We have found that the copper oxide superconductors 
have a significant amount of ionic character. In order to 
determine the ionicity of the ions in YBazCu307 we have 
compared densities of states and amounts of charge in each 
muffin tin between self-consistent LAPW results and PIB 
[Krakauer et al., 1988]. Table 5 shows the differences in 
muffin tin charges for three different charge configurations. 
Fig. 5. Difference charge density for the (100) plane in We find that the best fit is obtained with a copper ionicity 
La2CuO4 between LAPW and PIB. of +1.62 and an oxygen ionicity of -1.7. Better fits for the 

Y could be obtained by also varying the Watson sphere radii 
for the oxygen ion calculation in PIB. We also examined a 


for La?CuO,4 with no expectations that an ionic model would 

be able to make even qualitative predictions about metallic 

oxides. We found that PIB even gives semiquantitative TABLE 5. Differences between LAPW and PIB muffin tin 
agreement for the structure and lattice dynamics of charges for different charge configurations in YBa?Cu407. 
La?CuO4. After some initial confusion in the literature, it 
has been found that undoped La2CuO, is indeed not a metal, 
but is an insulator. This makes the agreement somewhat 
less surprising, though there has been no experimental 
evidence that there are gross changes in structure or lattice 


Cu 2.3334 Cu 2+ Cu 1.62+ 


dynamics between the insulating and metallic (i.e. doped) Y 0.17 024 0.31 
samples of La?CuO4. We have also found it illuminating to Ba 0.00 0.01 0.03 
compare charge densities and densities of states between Cu(1) 0.34 0.18 0.05 
PIB and those obtained self-consistently using LAPW. Cu(2) 0.40 0.20 0.02 
Table 4 shows the structures calculated using PIB and Od) -0.05 -0.02 0.01 
the experimental structures for La?CuO4 and YBa2Cu307. O(2) -0.13 -0.10 -0.08 
The PIB calculations use O2- and Cu2* for the La5CuO4 O(3) -0.12 -0.10 -0.06 
calculations and O2- and Cu235* for YBajCu3O; (the O(4) -0.02 0.00 0.02 
ionicity in these materials is discussed in more detail Interstitial 
below.) Table 4 shows that PIB gives the observed ortho- -0.72 -0.43 -0.19 


rhombic distortion in La2CuO4; this is the first (and so far 
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Fig. 6. Difference charge density for YBa?Cu307 between LAPW and PIB using the charge configuration 


with Cu *1.62, 


configuration with Cu(1)?* and Cu(2)2+; this gave a much 
worse charge density. There is no evidence from our 
calculations to suggest any trivalent copper, or any "mixed 
valence" character between 2+ and 3+. The oxygen ion is 
also much closer to -2 than to -l. Thus, it appears that 
the bonding is only slightly less ionic than insulating oxides. 

Figure 6 shows the differences in the PIB and LAPW 
charge densities for YBa Cu307 with CulÓ2*, Similar 
features are observed as for Lao?CuO4, except that 
YBa 7Cu307 does not have any spherical ionic oxygen like 
the Oz in Lao?CuO4. The non-spherical and covalent 
character, consistent with the metallic character of the 
material, is significantly greater. Note that no differences 
are observed in the empty oxygen site. 

Almost all known superconductivity is driven by the 
electron-phonon interaction. Thus, it is of considerable 
interest to examine the lattice dynamics of the copper oxide 
superconductors. Figure 7 shows the calculated dispersion 
curves for La?CuO4 in both the tetragonal and orthorhombic 
(minimum energy) structures. A number of unstable 
(imaginary) harmonic frequencies are calculated, indicating 
double well, anharmonic potentials. The most unstable mode 
is an X2 mode in which the Oxy atoms rotate in the Cu-O 
plane. The next most unstable is an X4 mode which is the 
tilt mode corresponding to the orthorhombic to tetragonal 
transition. The shape of this branch is found to agree very 
well with inelastic neutron scattering measurements. 
[Birgeneau et aL, 1987] The branch from I5’ to X3 is very 
flat, and represents sliding motions of the Oz atom in the 
X-y plane. These motions are infrared active and thus 


generate and interact with electromagnetic fields that can 
couple with the electrons in the Cu-O plane. The breathing 
mode is the highest frequency mode (Xj). In contrast, 
Weber [1987] found an unstable oxygen breathing mode, in 
disagreement with experiment, probably at least partly due 
to the neglect of long-range ionic contributions to the bare 
phonons. The breathing mode does not involve only Oxy 
motions, but also includes in-phase Oz motions in PIB. 
There are four modes with X, symmetry which can mix. 
Thus, the "frozen phonon" calculations of Fu and Freeman 
[1987] may not actually correspond to a normal mode of the 
system. Many of the unstable branches become stable for 
the orthorhombic structure. However, there are still two 
very flat branches which correspond to the sliding motions 
of Og in the x-y plane. There are also two other soft 
branches which suggest a lower symmetry ground state, 
consistent with the experimental indications of a monoclinic 
ground state [Moss et al., 1987]. Cohen et al. [1988b,c] give 
more details. 

Figure 8 shows the calculated phonon dispersion curves 
using PIB for YBa?Cu30; with the Cu 2.333+ configuration. 
As in La?CuO4, unstable, flat, double well phonon branches 
are observed. The most unstable branch (-279 cm"! at T) 
corresponds to movement of the chain oxygens (O(1)) in the 
x-direction and out-of-chain oxygens (O(4)) in the -x 
direction. The next most unstable branch (-138 at T) 
corresponds to motions of O(2) and O(3) in opposite 
directions along z. Both of these modes are infrared active. 

An important feature of these materials is that they are 
metallic in two dimensions and ionic in the third dimension. 
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Fig. 7. Calculated phonon dispersion curves for (a) tetragonal and (b) orthorhombic LaoCuO4 using the 


PIB model. 


This allows unscreened LO phonons to coexist with metallic 
conduction. It also makes traditional analysis of the 
electron-phonon interaction in these materials very difficult, 
since three-dimensional superconductivity in these materials 
may depend intimately on the small coupling between planes. 
The intrinsic instability of the O^' ion and the ionic 
contributions to the electron-phonon matrix elements should 
greatly enhance the electron-phonon coupling and may 
contribute to the high Tc. Ionic materials in general have 
extremely large electron-phonon interactions which lead to 
polaron formation in insulators. The effect of huge 
electron-phonon interactions in metals has not been given 


much attention in the past, due to the fact that the 
screening in normal metals greatly reduces the electron- 
phonon interaction relative to a material such as NaCl. The 
coexistence of metallic conductivity with unscreened ionicity 
may be the key to high temperature superconductivity. 

All of the quantitative theoretical studies of electron- 
phonon superconductivity in these materials have been based 
on a rigid atom (or ion) model, such as the rigid muffin tin 
approximation. In the rigid muffin tin approximation, the 
electron-phonon interaction is determined by the potential 
change when the spherical part of the potential for an atom 
is rigidly displaced [Gaspari and Gyorffy, 1972], and is 
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Fig. 8. Calculated phonon dispersion curves for YBa?Cu307 with Cut2.333, 


presumed to be screened within half the nearest neighbor 
distance or less. In an ionic metal, there can be large 
changes in the potential at one atom when another ion is 
displaced, and we find such effects in La?CuO4 [Cohen et 
al, 1988c]. We are now investigating whether these 
contributions can be large enough to induce T,’s of 90K, or 
whether another mechanism is necessary in addition to the 
electron-phonon interaction. 


Conclusions 


Electronic structure, elasticity, equations of state, and 
lattice dynamics can be calculated with varying degrees of 
reliability for oxide perovskites and perovskite-like crystals. 
These calculations have only recently become powerful 
enough to study relatively complex crystals, such as 
perovskites. These methods will continually be improved, 


and in some cases reliability approaching that of experiment 
is found. The primary goal of these calculations, however, 
is to better understand why the materials behave as they 
do, and to give some guidance to the experimentalist. 

The elastic properties and room temperature equation of 
state of MgSiO3 are given quite well by the PIB model. 
Some improvements to the PIB model are necessary for 
better calculations of lattice dynamical and thermal proper- 
ties. LAPW calculations for MgSiOs show a quite ionic form 
of bonding, which is consistent with the high quality of 
predictions of elasticity and equations of state using PIB. 
The calculation of the single crystal elastic constants for 
PIB was done before experimental measurement, and has 
turned out to be quite accurate. The ferroelectric trans- 
formation in BaTiO3 is not well understood. Though various 
models can be devised that give a ferroelectric transition, it 
is not clear which, if any, current model is correct. It 
appears that the distortion in BaTiO3 centers around the Ti, 
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rather than the O, as is assumed in most current models for 
ferroelectricity in BaTiO3. 

Many properties of the copper oxide superconductors can 
be predicted surprisingly well using an ionic description. 
The superconductors may behave more like ionic perovskites 
than metals, at least in terms of lattice dynamical and 
structural properties. 
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Abstract. This paper reviews several aspects 
of perovskite thermodynamics. The energetics of 
formation of A? tg^ to, perovskites are related to 
lattice energies and crystal chemical 
parameters.  Perovskite-related oxide 
superconductor phases are reviewed and new 
calorimetric data are presented for the partial 
molar enthalpy of oxygen in YBa;Cu4Oy, (5.9 < x < 
7). High pressure transitions in silicates and 
germanates show that perovskite is generally a 
phase of unfavorable energy, high density, and 
relatively high entropy. The high entropy 
leads, in general, to negative P-T slopes for 
perovskite-forming reactions. The entropy of 
MgSiO,; perovskite is calculated using Kieffer's 
vibrational modelling approach and the thermal 
expansion coefficient is estimated from the 
observed pressure dependence of vibrational 
spectra. 


Introduction 


Oxides with perovskite-related structures 
form a varied family of materials, ranging from 
ceramics and superconductors to minerals in the 
Earth's crust and mantle. To better predict and 
understand MgSiO; perovskite as a lower mantle 
phase, it is useful to examine systematic trends 
in perovskite stability for a wide range of 
compositions, temperatures, and pressures, 
Available data are summarized in this paper for 
ceramic perovskites, for YBa Cuz Oy oxide 
superconductor phases, and for high pressure 
silicate and germanate perovskites. Trends in 
thermodynamic properties are correlated with 
structure and bonding in the perovskite 
structure. 


Enthalpies of Formation of A? *p^ +0, Perovskites 
from the Oxides 


Enthalpies of formation of ABO; perovskites, 
corresponding to the reaction: 


AO + BO, = ABO; (1) 
have been measured by high temperature oxide 


melt calorimetry and are summarized in Table 1 
(Takayama-Muromachi and Navrotsky, 1988). They 
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range from large exothermic values (-152 kJ/mol) 
for BaTiO; to distinctly positive values (at 
atmospheric pressure) for the high pressure 
phases CdGeO; and MgSiO;. In general, for a 
given B^* ion, the heat of formation of the 
perovskite becomes more negative as the size of 
the A?* ion increases, and for a given A?* ion, 
the heat of formation becomes more negative in 
the order Sí, Ge, Zr, Ti. 

The tolerance factor, a useful parameter 
related to the stability of perovskite 
structures, is given by 


t = (rA + rg)/ 2(rg + ro) (2) 


where ra, rpg, rg are empirical radii of the 
respective ions. By geometry, the ideal cubic 
structure should have t=l. Navrotsky (1981) has 
shown that the heat of formation from oxides of 
perovskite compounds becomes less negative 
nearly linearly with the absolute value of l-t. 
Perovskites (CdGeO;, CaGeO; and MgSi0;) stable 
only at high pressure have standard enthalpies 
of formation from the oxides which are much less 
negative than the above correlation would 
suggest (-33 kJ for CaGeO;, +23 kJ for CdGeO; 
and an estimated value of +31 + 20 kJ for 
MgSi0z). Clearly at 1 atm these perovskites are 
rather unstable, and qualitatively this 
instability probably relates to the rather small 
sizes of Mg*+ in the central site and of Sitt 
and Ge^* in the octahedral sublattice. 

The concept of tolerance factor is 
complicated by the fact that ionic radius 
depends on coordination number. The numerical 
value of the tolerance factor therefore depends 
on whether one considers A?* to be 
12-coordinated (as it would be in the ideal 
cubic structure) or to have a lower coordination 
number (as low as 8) in a distorted 
structure. 

Because of these questions, Takayama- 
Muromachi and Navrotsky (1988) took a somewhat 
different approach based on lattice energies. 
For an ionic crystal, the internal energy can be 
separated into two terms 


E = EM + En (3) 


where Ey is the electrostatic or Madelung energy 
and Ey contains all the other terms, of which 
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TABLE 1. Enthalpy of Formation of Perovskites 


from Oxides (kJ/mol) 


Compound AHF 
CaTiO; -80.9t2.38 
SrTiO, -135.142.24 
BaTiO; -152.344.04 
PbTiO, -31.1t4.18 
CdTiO; -22.3t2.48 
CaZrO, -31.3t4.08 
SrZr0; -75.9t4.58 
BaZrO0; -123.9t4.18 
PbZrO; +1.746.64 
CaGe0; -33.4t3.3b 
CdGe0; *22.6t4.3€ 
MgSi0; +12.2+2.0¢ 
a. 1068 K, Takayama-Muromachi and Navrotsky 
(1988) 
b. 973 K, Ross et al. (1986) 
c. 973 K, Akaogi et al. (1987) 
d. estimated, referred to SiO, stishovite 


the repulsive interaction is the largest 
(positive) contribution, but terms related to 
Van der Waals energy, vibrational energy, and 
specific directional (covalent) interactions may 
contribute. Then, the heat of formation of a 
perovskite compound can be divided into two 
parts, 


AHg = AE = AEy + AEN (4) 


where AEy is the difference of Madelung energy 
between product and reactants in reaction (3), 
while AEy is the difference of repulsion and 
other energy. If the AEy term is calculated, 
one can obtain the AEy term using experimental 
values of AHf according to Eq. (4). 

Table 2 shows the Madelung energies of 
perovskites and values of AEy and AEy calculated 
by Eqs. (3) and (4) above. The change in 
Madelung (electrostatic) energy, AEy, is 
negative for all perovskites studied except 
PbTiO}.  AEM spans a large range (-392 to 58 
kJ). The change in nonelectrostatic energy, 
AEN, for perovskite formation is positive except 
for BaTiO, and PbTiO}. AEy also spans a large 
range (-125 to 395 kJ) for the compounds 
studied. The generally positive values of AEN 
suggest that repulsions increase on forming 
perovskites from binary oxides. If one 
considers the perovskite structure (t « 1) to 
consist of an octahedral sublattice with 
tetravalent ions and oxygens in contact, and 
divalent ions filling the large central site, 
then the lattice constant for the cubic 
perovskite is related to the ionic radii: 


acalc 7 2(rg + ro) (5) 


The calculated lattice constant from this 
equation is 4.01 A for titanates, 4.24 A for 
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zirconates, 3.86 A for germanates, and 3.60 A 
for silicates. The observed lattice constant, 
a, is usually smaller than aggjc. It seems that 
in the perovskite structure, the octahedral 
sublattice is somewhat compressed relative to 
that predicted by "ideal" M4+-0 distances 
calculated from ionic radii. Of course much of 
this apparent compression is accounted for by 
tilting of the octahedra in noncubic perovskites 
rather than by shorter B-O bond lengths. 

Figure 1 shows both AEy and AEN as functions of 
^a, where Aa is the difference between the sum 
of B^* and 0?- radii and the observed cubic 
lattice constant. AEy for perovskite formation 
becomes more negative (more favorable) as Aa 
increases, while AEN becomes more positive 
(destabilizing). The systematic trend seen in 
AEN suggests that changes in repulsive energies 
are indeed the dominant contribution to AEy. 

The energy of formation of a perovskite from the 
binary oxides results from a balance of AEy and 
AEN terms, which depend in opposite fashions on 
^a (see Fig. 1). 

Fig. 2 shows AEy and AEN plotted against the 
tolerance factor, t, defined by Eq. (2). 
Coordination numbers were chosen to be 
consistent with observed coordination numbers in 
perovskites, namely 6 for oxygen and the 


TABLE 2. The Madelung and Non-Coulombic 
(repulsion) energy for Perovskite 
Formation (kJ/mol) 

Compound Ey? AEyP AE 
CaTiO, -179863 -322 241 
SrTiO, -17615 -225 90 
BaTiO; -17160 -27 -125 
PbTiO, -17275 58 -89 
CdTiO; -18071 -308 286 
CaZr0; -17156 -392 361 
SrZr0z -16771 -281 205 
BaZr0, -16406 -173 49 
PbZrO, -16591 -158 160 
CaGe0; -18478 -237 204 
CdGe0; -18567 -227 250 
MgSiO; -20017 -364 395 
MgO -4612 
Cad -4038 
SrO -3674 
BaO -3507 
CdO -4137 
PbO -3707 
TiO, -13626 
ZrO, -12726 
GeO, -14203 
SiO; -15041 


4 Madelung energy calculated using formal ionic 
charges 

b Madelung energy change for reaction AO + BO; = 
ABO; 

€ Non-Coulombic contribution to enthalpy of 
formation, AEN = AHg-AEw 

d from Takayama-Muromachi and Navrotsky (1988) 
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hand scale show the relation between the change 
in Madelung energy (AEy) upon perovskite 
formation from the oxides and the difference 
between calculated and observed lattice 
parameters, Aa. The circles, solid line, and 
left hand scale show the relation between the 
change in non-electrostatic (largely repulsive) 
energy and Aa. From Takayama-Muromachi and 
Navrotsky (1988). 


tetravalent ions, 8 for the smaller divalent 
ions (Mg, Cd, Ca) and 12 for the larger divalent 
ions (Sr, Pb, Ba). Using this convention, 
values of t are slightly greater than unity for 
SrTiO;, BaTiO; and PbTiO;. Both AEy and AEy 
correlate with t, the electrostatic energy 
change becoming less favorable and the repulsive 
energy change more favorable with increasing t. 
Qualitatively, the same balance of electrostatic 
and repulsive energies is seen whether one uses 
^a or t as a measure of bond length mismatch in 
the perovskite structure. 

The high pressure germanate and sílicate 
perovskites fall on roughly the same general 
trends as the titanates and zirconates, though 
for MgSiO; the change ín nonelectrostatic energy 
appears some 50 kJ more destabilizing than the 
trend would predict. However, the heat of 
formation of that compound is an estimated value 
which still has large uncertainties. 

Reznitskii (1978) pointed out that the 
entropy of formation of perovskites from the 
binary oxides is related to the tolerance 
factor, perovskites with t « 0.95 having 
positive AS values, those with t > 0.95 having 
AS zero or somewhat negative. This is 
consistent with positive AS? values for 
perovskite-forming phase transitions (e.g. 
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ilmenite > perovskite) for phases such as 
MgSi0,, CaGeO;, CdGeO, and CdTiO, (see below). 
However, phases such as CaTiO, and BaTiO; do not 
have particularly high entropies and the 
recently discovered MnTiO; perovskite (Ko and 
Ross, pers. comm.) also need not necessaríly 
have a positive entropy of formation from lower 
pressure structures (ilmenite and lithium 
niobate). 

The perovskite structure is not restricted to 
oxides of the A?*B^*O, charge type. Oxide 
perovskites of the type A$*BS*O, and fluoride 
perovskites of the type A*B?*F, form extensive 
families, and many other complex perovskites are 
known. The presently available thermochemical 
data are insufficient to test whether 
systematics similar to those observed here apply 
to the other charge types. The 
perovskite-forming reaction is different for 
other charge-types because some of the binary 
oxides and fluorides have other structures. 
Additional systematic thermochemical studies are 
needed. 
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hand scale show the relation between the change 
in Madelung energy (AEy) upon perovskite 
formation from the oxides and the tolerance 
factor, t. The circles, solid line and 
left-hand scale show the relation between the 
change in non-electrostatic (largely repulsive) 
energy and t. From Takayama-Muromachi and 


Navrotsky (1988). 
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Oxíde Superconductors 


Since late 1986, the crescendo of excitement 
and blizzard of publications in high T, oxide 
superconductors have placed solid state 
chemistry in a new perspective. To date, three 
families of superconducting compounds, all 
containing perovskite-related structural 
elements, have been found. The first is a 
series of doped materials based on the K,NiF, 
structure (Michel and Reveau, 1984; Bednorz and 
Muller, 1986; Hazen, 1988). This structure 
contains layers of the perovskite structure 
alternating with rocksalt-like layers (see Fig. 
3), leading to retention of octahedral 
(perovskite-like framework) coordination for the 
smaller cation but to a coordination number of 9 
for the larger cations. Starting with the 
composition La,Cu0,, doping with a large 
alkaline earth results in a series of compounds 
Tag St ROU, «e. The substitution of Sr?* for 
Lait is charge- compensated by the conversion of 
Cu?^* to Cuj*, at least in terms of formal 
oxidation state. However, loss of some oxygen 
converts part of the Cult back to Cu?t. The 
amount of Cu3+ is controlled both by the extent 
of alkaline earth doping and by temperature and 
oxygen fugacity (Gallagher, 1987). An 
orthorhombic-tetragonal transition, distortion 
of the CuOg octahedra (toward square planar 
coordination), copper polyhedra with missing 
oxygens and possible ordering of these oxygen 
vacancies are structural complications which 
affect both crystal chemistry and 
superconductivity. Many other series (in both 
these and the 1:2:3 materials discussed below) 
of compounds containing other alkaline earth 
substitutions or almost any other trivalent rare 
earth show similar structures, many of which are 
superconducting at some compositions (Fisher, 
1988; Tarascon et al., 1987a). In contrast, 
substitution of other divalent cations (Ni, Co, 


Zn) for Cu rapidly destroys superconductivity 
(Fisher, 1988; Tarascon et al., 1987b). Thus 
superconductivity appears to depend more 
strongly on the oxidation state of copper, on 
oxygen vacancy concentration, and on the 
geometry and linkages of the copper polyhedra 
than on overall lattice dimensions or on the 
nature of the large cations. 

The second group of compounds is the so 
called 1:2:3 materials, YBaj,Cuz0, (Wu et al., 
1987; Roth et al., 1987). The oxygen content x 
varies between limits of approximately six and 
seven (see Fig. 4), corresponding, nominally, to 
2Cu2+ and lCu* for x = 6 and to 2Cu?* and 1Cu3+t 
for x = 7. The structure again is related to 
perovskite (see Fig. 3), and oxygen content is 
controlled by temperature and oxygen fugacity. 
Systematic vacancy formation appears essential 
to the structure and defines two sets of oxygen 
sites, one which contains mainly or entirely 
Cu?* and one which is quite variable in oxygen 
coordination and seems to accomodate the 
changing average copper oxidation state. For 
superconductivity, a high oxygen content and an 
orthorhombic structure appear essential. The 
role of separated copper-containing planes and 
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of Cu-0-Cu chains in superconductivity has been 
proposed, but it is not clear what structural 
features are absolutely necessary. To what 
extent is superconductivity governed by gradual 
changes in the number of electrons and the band 
structure; to what extent is it dictated by 
specific local crystal chemical factors? 

Indeed, it is not clear whether it is useful to 
think of Cu?*, Cut, and Cut as distinct 
entities, to think of a dynamic equilibrium 
between these ions and itinerant electron holes, 
or to consider most of the electron transfer to 
occur not at the cations but in the oxygen "p" 
band. A common "chemist's" and "physicist's" 
language for these complex structures has yet to 
emerge. 

The third class of materials, having the 
highest critical temperatures (2120 K) of any 
discovered thus far, are complex oxides of 
copper with alkaline earths (Ca, Ba) and large 
ions other than rare earths, namely Bi and Tl 
(Fisher, 1988; Hazen, 1988). They are layer 
structures (see Fig. 3) analogous to previously 
known phases (Aurivillius, 1949), with 
superconductivity related to the number of 
copper planes sandwiched between perovskite-like 
layers (see Fig. 3). Interestingly, they do not 
contain copper-oxygen chains. These materials 
can also be described in terms of perovskite- 
related building blocks. 

Rather little is known yet about the 
thermodynamic properties of these new 
materials.  Thermodynamic stability involves at 
least three questions - namely stability with 
respect to other phases in the multicomponent 
(typically 3-5 component) oxide systems to which 
these phases belong, stability with respect to 
reactions with water and carbon dioxide (a major 
problem for Ba-rich phases) and stability with 
respect to oxygen content within a homogeneous 
solid solution. The first two questions have 
received some attention in the Y-Ba-Cu-O 
system. Studies relating oxygen fugacity, 
temperature, and oxygen content, x, in 
YBa, Cuz0,, have been reported, and the 
tetragonal-orthorhombic transition has been 
mapped as a function of T, x and fO, (Gallagher, 
1987). It is clear that the highest values of x 
(and highest T.) are achieved by low-temperature 
anneals (see Fig. 5), but it is not certain 
whether these oxygen-rich phases are stable or 
metastable with respect to decomposition to 
other phase assemblages at 300-500 °C. Heats of 
formation and of some chemical reactions 
involving YBa,Cu;O. and La,Cu0, have recently 
been measured by acid solution calorimetry 
(Morss et al., 1988) (see Table 3). 

Calorimetric studies have recently been 
completed on the enthalpy of oxidation as a 
function of composition, x, in the system 
YBa Cuz0% (5.9 < x < 7) (Lampert, 1988; Lampert 
and Navrotsky, in preparation). Three sets of 
samples, prepared and analyzed in different 
laboratories, were studied. The calorimetric 
experiments consisted of the following. Each 
composition, encapsulated but not sealed in Pt, 
was dropped from room temperature into an empty 
Pt crucible in a Calvet-type microcalorimeter 
(Navrotsky, 1977) operating in air at 784 °C. 
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good agreement with values and -200 to -221 
kJ/mol (Gallagher, 1987) estimated from the 
temperature dependence of oxygen content and of 
-190 + 20 kJ/mol estimated from calorimetric 
cycles involving solution of several samples in 
aqueous acid (Morss et al., 1988). Because the 
present values are measured by a more direct 
thermochemical cycle and because they cover a 
large number of compositions, these data can be 
considered more detailed and accurate than 
previous work. 

The linearity of enthalpy with composition 
means that the enthalpy of oxidation, and the 
partial molar enthalpy of oxygen, is constant 
throughout the entire rather wide range of 
stoichiometry. There are neither steps in the 
enthalpy nor changes in slope at the 
orthorhombic-to-tetragonal transition which, for 
these samples, see lattice parameters in Fig. 4, 
is near x = 6.3. Thus, if the orthorhombic- 
tetragonal transition is first order, its 
enthalpy is less than the resolution of our 
measurements, namely about +4 kJ per mole of 
YBa?Cu30,. This small enthalpy of transition is 
not surprising when one considers the small 
magnitude of enthalpies of distortional 
transitions in other perovskite-related 
components, e.g. 0.1 kJ/mol in BaTiO; (Gallagher 
et al., 1987). If the transition from 
orthorhombic to tetragonal were higher-order, 
rather than a step in the enthalpy of oxidation, 
one might expect a change in slope in the 
enthalpy curve. Once more, to a resolution of 
about +4 kJ/mol, no change is seen, and the 
partial molar enthalpy of oxygen dissolving in 
the two phases is essentially the same. 

Equally striking is the lack of any 

5.8 6.0 6.2 6.4 6.6 6.8 7.0 discontinuity or change in slope near x = 6.5, 
X the composition at which all the copper is 
nomínally divalent. For x « 6.5, oxidation 
Fig. 4. Lattice parameters versus composition represents, formally, the reaction Cut = Cu?*, 
for YBa?Cug0, phases. From Lampert (1988). for x » 6.5, oxidation represents the reaction 


c (A) 


3.90 


3.88 


3.86 


a and b (A) 


3.84 


3.82 


3.80 


Cu2+ = Cu$*, The calorimetric data strongly 
suggest that the enthalpy of oxidation is the 
same on both sides of x = 6.5. This could be 
interpreted in several ways. One possibility is 
that the enthalpy of oxidation of Cut to Cu?* is 


Under those conditions, the samples rapidly 
equilibrated to the oxygen content 
characteristic of 784 °C, x=6.36. Thus samples 
with x < 6.36 were oxidized, while those with x 
> 6.36 were reduced. The measured heat effects 
(see Fig. 6) were then analyzed to obtain the 


enthalpy of oxidation per mole YBazCuz0,. 700 
The figure shows several striking features. 6.90 
First, the data for three different sets of 
samples coincide reasonably well, although there s 
may be a small systematic offset between those d 670 
prepared by fast quench and by slow cooling in 3 660 
sealed tubes. This might represent a difference 9, 
in structural state (vacancy ordering) but it S 650 
more likely represents a small systematic > 640 
difference (of x = 0.02 to 0.03) in oxygen * 630 
analysis. On the whole, it is the agreement x 
among different samples, rather than their 620 
differences, which is noteworthy. 610K 
Second, the enthalpy of oxidation is best | ìi i f i i i i 
represented by a straight line. The slope of 300 400 500 606 700 800 900 1000 
that line gives the partial molar enthalpy of TEMPERATURE (°C) 
oxygen (per mole 0) reacting with the 
structure. Twice the slope gives -241 + 5 Fig. 5. Temperature dependence of x in 


kJ/mol as the partial molar enthalpy of 02, in YBayCuzO, in air. From Gallagher (1987). 
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TABLE 3.  Thermochemical Data for Oxide Superconductors and Related Phases 
Reaction AH99 8 AGS 98 
(kJ/mol) (kJ/mol) 
Formation Reactions 
Laz 03 + CuO = Lag Cud, -284 
hY505 + 2BaO0 + 3Cu0 = YBag Cuz 05 .5 -1434 
Y + 2Ba + 3Cu + 3.4650, = YBagCuyz0,g 93 - 27134174 
Decomposition Reactions 
Laz Cu0, + (x+0.5)H20 + 3.5CO, = -18708 
Laz (COz )5 -xH50 + 0.5CuCO; -Cu(OH)> 
YBa Cuz 0g 93 + 1.5H2O0 + 5COz = 0.2150; 
+ 0.5Y5,(CO0;)4 + 2BaCO, + 1.5CuC0; -Cu(OH), -3554 
Partial Molar Enthalpy of Oxygen 
02 (gas) = 03 (dissolved in YBa, Cuz 0%) -190+204 
-241+5Þ 
-200 to -221€ 


a. Morss et al. (1988), acid solution calorimetry 


b. Present work, oxidation calorimetry 


c. Gallagher (1987) from temperature dependence of oxygen content 


identical to that of Cu?* to Cut, but that the 
oxidation occurs stepwise with Cu?* the only 
species present at x = 6.5. This seems an 
unlikely coincidence, especially since Cu* and 
Cu2+ are common oxidation states while Cu3+ 
occurs only under special conditions in other 
oxides. A second possibility is that the 
disproportionation reaction 


2cu2+ = cut + cudt (6) 


occurs significantly even at the stoichiometric 
composition (x = 6.5). Thus that composition 
does not represent a unique state with only one 
valence state but is simply one point in a 
gradual progression where, with increasing x, 
the amount of Cut decreases and the amount of 
Cu3+ increases. A defect model has been 
proposed by Su et al. (1988) which gives an 
equilibrium constant for reaction (6) Kg = ~0.40 
(independent of T,x), and for 


Cut + 402 (gas) = 05 + Cust, (7) 
In Kox = -10.08 + 10885/T (independent of x) 
Therefore, for reaction (7), AG? = -90498 + 
83.81 T (J/mol) and AH? = -90500 J/mol, AS° = 
-83.8 J/mol:K. 

The oxidation can also be represented by the 
reaction: 


YBa, CugtCuto, + A0, = YBa,Cu$*Cu3 to, (8) 
From the calorimetric measurements, AH? for 
reaction (8) is -120 kJ/mol, in reasonable 
agreement with the -90.5 kJ above. The entropy 


of oxidation, -83.8 J/mol-K per mole O, is in 
the range commonly seen for many oxidation 
reactions, -92+17 J/mol:K as discussed by 
Navrotsky, (1974). 


Can one reconcile an equilibrium between Cu*, 
Cu2+, and Cu3+ and the observed linear variation 
of enthalpy with composition? Because of the 
small temperature dependence of Kg seen by Su et 
al. (1988), and the relatively small range of 
temperatures over which it was studied (650-850 
K), one cannot reliably separate enthalpy and 
entropy terms for the disproportionation 
reaction. Were Kg truly temperature- 
independent, then reaction (6) would be 
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reaction YBazCuz0, + ( )0? = YBaCuzOg 36 at 
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Fig. 7. Phase transitions in compounds of ABO; 
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transition pressures (in GPa) at 1273 K. From 


Navrotsky (1981, 1987). 


athermal, with AH = O and entropy effects alone 
driving the disproportionation. Then the 
enthalpy of oxidation would not be influenced by 
the degree of disproportionation, and a strictly 
linear variation of enthalpy with x would occur. 

For illustrative purposes, consider the other 
extreme case, namely that the equilibrium 
constant is dominated by the enthalpy term. 
Then, 


AGO ~ AH? = -RT ln Kg = -750 R 1n 0.40 
= 45.7 kJ/mol (9) 


For the composition YBaCuz06 5, Su et al. 
(1988) suggest that the site which would contain 
one mole of Cu?* were there no dissociation 
actually contains 0.4 moles of Cu?* and 0.3 
moles each of Cut and Cu>+. The degree of 
dissociation is thus 60% and, were the enthalpy 
of dissociation 5.7 kJ/mol as calculated above, 
an enthalpy of 0.4 x 5.7 = 2.3 kJ/mol would be 
subtracted from the observed enthalpy of 
oxidation to account for the back-reaction to 
form Cu?*. This would be at the level of 
resolution of the calorimetric data and would 
not produce definitely detectable curvature in 
the plot of enthalpy of oxidation versus x. At 
other values of x, this correction terms would 
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be even smaller. Thus one can conclude that the 
defect model suggested by Su et al. (1988) is 
consistent with these calorimetric results. 
Rather than distinguishable Cu?*, Cut, and 
Cu3+ related by a chemical equilibrium, all 
cationic species may be equivalent with changes 
in oxidation state accomodated by the oxygen 
p-band. This would also result in a very 
gradual, and perhaps linear, variation of 
energetics with x, with no sharp changes at or 
near x = 0.5. Thus the calorimetric results can 
not be used to distinguish the defect structure 
proposed by Su et al. (1988) and Morss et al. 
(1988) from models containing extra electrons in 
the oxygen p-band. However, the calorimetric 
results show conclusively that the composition x 
= 6.5 is not energetically unique, and is not a 
titration equivalence point separating two 


regions of strikingly different defect chemistry. 


The calorimetric results also show no change 
in slope of the enthalpy of oxidation curve near 
the limits of homogeneity of the phase, namely 
x = 5.9 and x = 7.0. This might suggest that 
these limits of stability arise, not from any 
intrinsic destabilization of the 1:2:3 phase by 
too high or too low oxygen content, but by a 
balance of free energy between that phase and 
other phases in the Ba0-Y20;-Cu-O system. 


High Pressure Phase Transitions Involving 
Perovskite:  Systematics in Silicates and 
Germanates 


Fig. 7 shows reported phase transitions and 
their pressures (in GPa) for phases of ABO; 
stoichiometry. A wealth of structures is seen: 
pyroxenoid, pyroxene, garnet, ilmenite, 
perovskite, as well as two phase mixtures 
(olivine plus quartz, spinel plus stishovite, or 
rocksalt plus stishovite). Clearly very closely 
balanced enthalpy, entropy and volume factors 
determine which phases occur at a given 
composition, pressure, and temperature. Table 4 
lists available thermochemical data and Fig. 8 
compares the enthalpies, relative to the phase 
stable at ambient conditions, of the various 
polymorphs. In the germanates, the wollastonite 
and garnet phases are very similar in energy; 
the garnet is a high pressure phase not because 
of significantly unfavorable energetics but 
because of its lower entropy and volume. The 
perovskite, when it occurs, appears to always be 
a phase of rather unfavorable energy in 
silicates and germanates. 

Phase diagrams for CaGeOz, CdGeO; and MgSiO; 
are shown in Fig. 9. Transitions to form 
perovskite phases (y + st + pv, gar > pv, il > 
pv) have positive AS? values and negative P-T 
slopes as initially pointed out by Navrotsky 
(1980). Qualitatively, such behavior can be 
rationalized as follows. In a phase such as 
CaGeOz or MgSiO, perovskite, the large central 
site is occupied by a relatively small cation 
which has rather large M-O distances, relatively 
weak bonding, and, one surmises, rather easy 
vibration involving it and neighboring oxygens. 
In addition, the octahedral Si-O or Ge-O bond is 
longer and has a lower vibrational frequency 
than the strong covalent tetrahedral Si-O or 
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TABLE 4.  Thermochemical Parameters for Phase Transitions in Silicates and 
Germanates of ABO, Stoichiometry (at 298 K, 1 atm) 


AH? (J:mol^!) AS(J:mol^!-K^!) —— AV°(cm3 -mol~') 
pyroxene or pyroxenoid > garnet 
CaGe0, 4 -4900 + 4200 -5.9 41.5 -5.97 
CdGe0; à +500 + 2700 -8.4 + 2.0 -5.30 
MnSio, 4 +34600 + 2500 -6.7 4 2.1 -4.00 
MgSiO, 8 335660 + 3000 -1.9 + 2.0 -2.83 
garnet + perovskite 
CaGe0; 8 +43300 + 5000 +10.9 + 3.8 -5.35 
CdGe0; 8 443100 + 5000 -1.7 + 3.0 -4.88 
MgSio, 2 +63960 + 5000 -3.9 + 2.0 -4.00 
pyroxene + ilmenite 
MgGe0, & b 7500 + 600 -6.3 + 3.0 -5.11 
MgSi0,° 55370 + 5000 -9.1 + 2.0 -4.98 
ilmenite + perovskite 
CdTi0; 8 15000 + 800 314.2 + 2.0 -2.94 
CdGe0; 8 34300 + 4000 32.6 + 2.0 -3.00 
MgSi0, ?.€ 50000 + 2000 433.3 + 3.0 -1.91 
a. Navrotsky (1987) 
b. Ross and Navrotsky (1988) 
c. Ashida et al. (1988) 
Ge-O bond. Indeed while the tetrahedral Si-O or treated as "Einstein oscillators", spikes in the 
Ge-O stretching vibrations can be identified vibrational density of states, each at a single 
relatively unambiguously in the vibrational frequency. The number of modes assigned to each 
spectrum, those of octahedrally coordinated Si Einstein oscillator is inferred from the crystal 
or Ge occur amidst many other lattice vibrations 
and probably are not simple isolated modes. Nor 140 


can M-O vibrations be unambiguously identified 

in the vibrational spectra. The factors above 

lead to greater excitation of vibrations at 

lower temperatures and a higher entropy for the 120 

perovskite. To illustrate these structural 

changes, bond lengths for cation-oxygen bonds in 

some low and high pressure phases are summarized 

in Table 5. 100 
To quantify such reasoning, one needs either 

complete knowledge of the vibrational density of 

states (generally unavailable for high pressure 

phases) or models which approximate this density 

of states in detail sufficient for thermodynamic 

calculations. Some lattice dynamical 

calculations in MgSií0O, perovskite are discussed 

by Hemley et al. (this volume). In addition, 

the approach pioneered by Kieffer (1979, 1980) 

offers a useful middle ground between 

theoretical rigor and practical use of available 40 

data. In it, the vibrational density of states 

is considered to consist of three contributions 

(see Fig. 10). Three acoustic modes, assumed to 

be Debye-like with cutoff frequencies calculated 20 

from elastic data, contribute at low frequency 

(usually below 150 cm^!). The remaining 3n-3 

vibrational modes for a primitive unit cell 


80 


60 


AH*?(kJ mol) 


containing n atoms are optic modes. Some of 0 

them can be assigned fairly unambiguously to CaGeO, CdGeO, MqGeO, MnSiO, MaSi 
specific vibrations (tetrahedral Si-O stretching Py Bla Magen Mnsibs c Masi. 
modes, O-H stretching modes in hydrous phases) Fig. 8. Enthalpies (kJ/mol) of ABO, polymorphs 
generally seen at high frequency (> -900 cm!) relative to enthalpy of phase stable at 


in infrared and Raman spectra. These are atmospheric pressure. From Navrotsky (1987). 
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The remaining modes (in the 


mid-infrared) generally cannot be assigned 


readily; they correspond to various stretches, 


bends, 


and lattice deformations. 


Kieffer's 


model treats them as an "optic continuum", a 
constant density of states between a low and 
high frequency cutoff. These cutoffs are 
inferred from the infrared and Raman spectra of 
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TABLE 5. Bond Lengths in Low and High Pressure 
Phases Involving Changes in Cation 
Coordination 

A?*.0 (A)a B^*-o (A) 
VI VIII XII IV VI 
MgSi0; 
pyroxene 2.15 ES — 1.64 == 
ilmenite 2.08 1.80 
perovskite — 2.20 (2.47) — 1.79 
CaGeO; 
garnet 2.29 2.47 = 1.78 1.92 
perovskite — — 2.65 — 1.89 


a A?t.0 and B4+-0 are average lengths of divalent 


(Mg,Ca) metal-oxygen and tetravalent (Si,Ge) 
metal oxygen bonds, Roman numerals refer to 
coordination numbers. 


each phase. Because such spectra give 
information on the vibrational density of states 
only at the center of the Brillouin zone, some 
assumptions about dispersion must also be made. 
The approximate vibrational density of states 
can then be integrated to yield thermodynamic 
functions. A comparison of S? for different 
structures gives the entropy of transition. 

This approach is particularly useful for high 
pressure phases. The input data needed to 
constrain the model are the space group, molar 
volume, elastic constants, bulk modulus, thermal 
expansion, and vibrational (IR and Raman) 
spectra. All these data are obtainable for 
ultrahigh pressure phases and indeed are of 
interest to geophysics for other reasons. 
vibrational models work best when comparing 
phases with quite different crystal structures 
and vibrational spectra, such as the MgSiO; 
polymorphs (pyroxene, garnet, ilmenite, and 
perovskite). One model for each phase is shown 
in Table 6. Each model is representative of a 
family of models, with small variations in 
parameters for each phase, all of which give 
consistent thermodynamic parameters for that 
phase. 

The model for MgSiO; (opx) is similar to that 
used by Kieffer (1979) except that the high 
frequency modes are described as a second optic 
continuum rather than as several Einstein 
oscillators. This makes almost no difference to 
the results. The entropy and heat capacity are 
in good agreement with measured values. 

The model for MgSiO, garnet is constrained by 
the following. Acoustic velocities and thermal 
expansion are assumed the same as for pyrope. 
The bulk modulus is from Akaogi et al. (1987). 
An infrared spectrum of tetragonal garnet is 
reported by Kato and Kumazawa (1985). It is 
broadly similar to that of pyrope, and the model 
is constructed to be consistent with that 
spectrum and with models constructed for pyrope 
(Kieffer, 1980). The number of modes at 
frequencies above 650 cm“! is smaller for garnet 
than for pyroxene, and the total number below 
650 cm"! is correspondingly greater. This 


The 
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reflects the fact that in MgSiOz garnet only 
half the silicon is in tetrahedral 
coordination, while the other half is 
octahedrally coordinated. The low frequency 
cutoffs for the optic continua appear to be 
similar in pyroxene and garnet. The result of 
these differences in the vibrational density of 
states, especially of the greater density of 
states in the lowest optic continuum, is that 
the calculated entropy of garnet is somewhat 
greater than would be expected only on the basis 
of its increased density. In fact garnet and 
pyroxene are predicted to have very similar 
entropies and heat capacities. The entropy of 
the pyroxene-garnet transition is calculated to 
be AS949gg = -2.4 J:K^!-mol^!. This supports 
the virtually horizontal P-T slope reported by 
Kato and Kumazawa (1985). 

Vibrational models of ilmenite were discussed 
by McMillan and Ross (1987). One of these is 
shown in Table 6. Its two striking features are 
that the low frequency cutoff is at 
substantially higher frequency than for the 
other MgSiO; polymorphs and that there are no 
high frequency modes (25900 cm^!). The reason 
for the former may be related to the regularity 
edge-sharing, and strong interaction of the MgO 
octahedra and for the latter is the absence of 
tetrahedral silicon. The result is a 
compression of the vibrational spectrum into a 
much smaller frequency range. The absence of 
low frequency modes causes ilmenite to have the 
lowest entropy of all the MgSiO; polymorphs. 

The calculated heat capacities are in excellent 
agreement with those measured by Watanabe (1982) 
and Ashida et al. (1988). The calculated value 
of S9ọg is 51.7 J:K^!:mol^!. The values of AS9 
for px = il calculated from the vibrational 
model are in reasonable agreement with those 
inferred from high pressure phase relations 
(Ashida et al., 1988). 
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Fig. 10. Schematic representation of 
vibrational density of states (VDOS) in the 
Kieffer model (1979, 1980). v1, v2, vz are 
acoustic modes. Optic continuum spans vj to 
Va. Einstein oscillators are at vp, VEz. 
These can be replaced by a second optic 
continuum. Total number of modes, Jg(v)dv, is 


3n. In this sketch, acoustic modes overlap 
optic continuum; this is not always the case. 
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TABLE 6. Vibrational Calculations for MgSiO, Phases 


Pyroxene Garnet Ilmenite Perovskite 
1 atm 10 GPa 


Volume (cm? /mol) 31.40 28.35 26.41 24.50 23.64 
Bulk Modulus (GPa) 108 154 211 262 302 
Thermal Expansivity x10? (K-!) 2.70 2.57 2.60 a a 
Acoustic Velocities (km/s) 4.67 3.58 5.30 5.75 5.75 
5.09 5.05 5.80 6.30 6.30 
8.07 8.98 9.80 10.40 10.40 
Lower Optic continuum 
Lower cutoff (cm^!) 240 150 288 225 255 
Upper cutoff (cm!) 545 630 800 900 930 
Fraction of modes 0.6775 0.7875 0.90 0.95 0.95 
Upper Optic continua 
Lower cutoff (cm'^!) 650 760 800 - - - 
Upper cutoff (cm^!) 760 1045 1050 - - - 
Fraction of modes 0.19 0.12 0.200 - - - 
Entropy (J/K:mol) 
298 K 65.60 63.20 51.72 48.88 44.42 
1000 K 193.43 190.99 176.95 180.92 175.28 
1500 K 243.48 241.22 225.82 234.62 230.60 


a a = (3«0.037T)x10^? at 100-1000 K, @ = 4x107 above 1000 K, to fit data in 
Fig. 12 but not diverge at higher T 


The bulk modulus, elasticity, and thermal Williams et al. (1987) and Hemley et al. 
expansivity of perovskite now are known (this volume) report pressure shifts for Raman 
provisionally (Yagi et al., 1982; Kudoh et al., and infrared modes in MgSiO; perovskite. All 
1987; Weidner and Ito, 1987; Knittle et al., observed modes shift upward with slopes of 1.7 


1986; Ross and Hazen, 1988). Its heat capacity 

is not. Raman and infrared spectra have 

recently been reported by Williams et al. (1987) 250 
and Hemley et al. (this volume). A vibrational 
model is constructed consistent with those 
spectra. Its optic continuum extends from 225 
to 900 cm^!. The calculated spectra based on 
lattice dynamical models (Hemley et al., this 
volume) contain modes at higher and lower 
frequencies than seen experimentally. However, 
because agreement with observed modes is only 
moderate, it is not clear if these other modes 
really exist near the calculated frequencies. 

In keeping with the parameterization of the 
Kieffer model on experimental data, the model ís 
chosen consistent with observed spectral bonds. 
The resulting calculations (see Table 6) confirm 
that perovskite is a higher entropy phase than 
ilmenite at T > ~800 K, (see Fig. 11). This 
higher entropy reflects two features: the large 
thermal expansivity and the presence of 
vibrations at lower frequencies than in 
ilmenite. The latter may be related to the 
large central Mg-site. Indeed, a thermal 
expansivity greater than about 3x10^? at T > 500 
K appears necessary to ensure a positive AS? for 10 
ilmenite = perovskite in these model 9 
calculations. The vibrational calculations 00 1000 1500 
generally support the hypothesis, consistent T (K) 

with phase equilibria, that perovskite is a 

phase of relatively high entropy at high Fig. 11. Calculated entropies of MgSiO; 
temperature and that perovskite-forming pyroxene, garnet, ilmenite and perovskite from 
reactions have negative P-T slopes. vibrational models in Table 6. 


200 \ 
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Fig. 12. Relative volume, Vp/Voog, of MgSi0; 


perovskite at various temperatures. Triangles 
represent data of Ross and Hazen (1988), squares 
data of Knittle et al. (1986). Solid curve is 
"best fit" by Ross and Hazen (1988), dashed 
curve is calculated from (dS/dP)Tq (present work). 


to 4.2 cm^!/GPa, with no indication of soft 
modes or phase transitions up to 2.5 GPa at room 
temperature. Within the spirit of the Kieffer 
model, one can calculate (dS/dP)q by performing 
the vibrational calculation using spectra, unit 
cell volume, and bulk modulus at different 
pressures. The simplest model consistent with 
the spectral shifts seen would move the whole 
optic continuum upward in frequency at a rate 
given by an average spectral shift of about 3 
cm^!/GPa. Parameters and results for the 
calculations at l atm and 10 GPa are shown in 
Table 6. 

Since (dS/dP)_ = -(dV/dT)p, the above 
calculation constrains the thermal expansivity, 
a. One should note that although the calculated 
value of Cp and of S? depends on the value 
chosen for o, this dependence cancels out of 
(dS/dP)py and thus the calculated value of a does 
not depend on the value of o initially put into 
the heat capacity calculation. The results give 
a = l.8x10^? K^! at 300 K and 2.4x10^? K^! at 
800 K. The results compare reasonably well to 
those measured (see Fig. 12) although the rather 
high thermal expansion (-4x10^? K^! at 500-800 
K) suggested by Knittle et al. (1986) is not 
observed in this calculation. However the 
disagreement between calculated and observed 
V/Vo at high temperature is barely outside the 
quoted experimental uncertainty. It is also 
noteworthy that the mode averaging scheme (a 
flat optic continuum) adopted in this 
application of the Kieffer approach gives 
thermal expansion coefficients quite comparable 
to these calculated by far more complex lattice 
vibrational models (see Ross and Hazen, 1988, 
for a summary). 

Several further checks on this approach were 
performed. First, the location of the optic 
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continuum was varied. Based on the earlier data 
of Williams et al. (1987), the optic continuum 
was placed between 250 and 800 cm“! and its 
pressure shift at 2 cm^! GPa at the low end and 
at 3 cm^!/GPa at the high end. This gave a = 
l.4x10^? at 300 K and 2.3x10-4 at 800 K. 
Second, the bulk modulus was varied by *10s. 
This had little effect. Third, similar 
calculations were done for Mg,SiO, olivine and 
B-phase, where the pressure dependence of some 
spectral bands has been measured. Once more, 
very reasonable values of thermal expansivity 
were obtained. Therefore one can conclude that 
the Kieffer model works quite adequately, not 
only to model Cp and S? of silicate phases but, 
given appropriate spectral shifts, to model 
S(T,P), (dS/dP)T, and thermal expansion. 
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MOSSBAUER SPECTRA OF 57FE IN RARE EARTH PEROVSKITES: 
APPLICATIONS TO THE ELECTRONIC STATES OF IRON IN THE MANTLE 


Roger G. Burns 


Department of Earth, Atmospheric and Planetary Sciences, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 


Abstract. The influence of temperature and effects of next-nearest cation 
interactions on electronic states of iron in mantle silicate perovskites have 
been deduced from Mossbauer spectral data for 57Fe-bearing perovskites 
containing rare earth (A) and alkaline earth (R) elements. Results for 
ACoO3 perovskites are critically examined because Co(II), being 
isoelectronic with Fe(II), may herald changes of electronic states of iron at 
high temperatures in the mantle. The identification of octahedral Fe2+ and 
Fe3+ replacing Ti4t in CaTiOs perovskite indicates that iron cations could 
also substitute for Si4+ in silicate perovskites. Thermally-induced spin- 
unpairing of low-spin (LS) Coll! to high-spin (HS) Co3+ is observed in 
57Co-implanted ACoO3 perovskites. The spin-state transition 
temperatures in these Co(III) perovskites increase with rising atomic 
number along the rare earth series, indicating that smaller cations in 
adjacent A-sites stabilize LS Col! in octahedral B-sites at higher 
temperatures. At elevated temperatures, the intermediate spin-state (IS) 
Coili, [(t2,)5(e,)1], becomes stabilized and progressive delocalization of the 
eg electrons imparts metallic properties to LaCoOs, as well as to LS Nill 
in LaNiO3 and HS Fe4 in stoichiometric and oxygen-deficient (A,R)FeOs 
perovskites. Therefore, the presence of appreciable amounts of relatively 
large Ca2+ ions in mantle silicate perovskites should facilitate entry of 
Fe2+ into octahedral B-sites, stabilize the IS Feii spin-state, and induce 
metallic properties in iron-rich CaSiO3-MgSiO3 perovskites at high 
temperatures if they occur in the lower mantle. In CaFeO3 perovskite, 
when electrons become localized in eg orbitals at low temperatures, 
disproportionation of HS Fe^* to Fe5* and HS Fe3+ occurs. By analogy, 
localized e, electrons in IS Feii could induce disproportionation to LS Fell 
and HS Fe!+ which would enter B-sites and A-sites, respectively, in 
silicate perovskites in the lower mantle. 


Introduction 


The role of spin-pairing electronic transitions in iron-bearing minerals 
in the lower mantle has been discussed extensively [Ohnishi, 1978; 
Ohnishi and Sugano, 1981; Burns, 1985; Sherman, 1988]. Central to 
most calculations of high-spin to low-spin cross-over points in Fe2* ions 
has been the effect of pressure on the relative energies of the tz, and e, 
groups of 3d orbitals, since compression of an iron-oxygen bond has a 
profound effect on the energy separation between these orbitals. However, 
the effects of temperature and the influence of next-nearest neighbor 
interactions on spin-state transitions in ferrous iron have not received as 
much attention as pressure and are the focus of the present paper which 
examines results for Co(III) perovskites. 

Trivalent cobalt is isoelectronic with ferrous iron, and there are a 
number of observations that rising temperatures influence spin-unpairing 
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transitions in Co(III) oxides possessing structure-typcs relevant to the 
mantle, including Co203 corundum [Chenavas et al., 1971], Co3O, spinel 
[O'Neill, 1985] and LaCoOs perovskite [Raccah and Goodenough, 1967] 
phases. Mossbauer spectra of synthetic 57Co-bearing rare earth perovskites 
were used to study temperature-induced low-spin to high-spin transitions in 
cobalt, first in LaCoOs [Bhide et al., 1972], and later in a variety of 
Co(II) perovskites [e.g. Rajoria et al., 1974; Jadhao et al., 1975; Rao et 
al., 1975], results of which figured in recent calculations of strain 
interaction effects on spin-pairing in transition metal compounds [Ohnishi 
and Sugano, 1981]. However, interpretations of these early Mossbauer 
spectra are flawed for several reasons; first, they were biased by 
subsequently unconfirmed structural data for LaCoO3 [Raccah and 
Goodenough, 1967]; second, complications due to oxygen vacancies and 
non-stoichiometry of the Co perovskites were not considered; and third, 
complexities originating from electron capture decay of 57Co-implanted 
phases were not fully appreciated. Therefore, this paper critically evaluates 
Mossbauer spectral data for Co(III) perovskites, as well as results for 57Fe 
in other rare earth - transition metal perovskites, highlights information 
demonstrating that temperature and nearest-neighbor cations influence 
magnetic coupling and electronic states of transition metal ions, and draws 
attention to thermally-populated delocalized and intermediate spin-states 
which might be important if iron-rich silicate perovskites occur in the 
lower mantle. 


Crystal Chemistry 
Background 


The ternary ABO3 metal oxides with perovskite structure-types described 
here comprise lanthanide series elements, A (where A = La, Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, plus Y), and first series 
transition metals, B (where B = Ti, V, Cr, Mn, Fe, Co, Ni and Cu). All 
of the cations are trivalent in stoichiometric ABO3 phases, and the 
transition metal cations are octahedrally coordinated by oxygen in the B 
sites such that each BOg octahedron shares corners with six other BOg 
octahedra. All of the rare earth - transition metal perovskites, including 
most of the Co(III) perovskites, are orthorhombic (space group Pnma); 
LaCoO; alone is rhombohedral (R3c). In the orthorhombic structure, the 
four octahedra in the unit cell are tilted in different directions, the extent of 
tilting being measured by non-linearity of B-O-B bond angles. In AFeOs 
perovskites, Fe-O-Fe bond angles decrease with diminishing ionic radius of 
the rare earth cation in the A sites. As a result, each B-site Fe3+ cation has 
eight nearest A-site cations with next-nearest neighbor A-B distances 
ranging from ~3.04 to ~3.70 A, the spread of interatomic distances being 
larger for LuFeQ3 than for LaFeO3 [Marezio et al., 1970]. Such 
structural distortions, which occur also in the orthorhombic ACoO3 
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Figure 1. Electronic configurations of 3d$ transition metal ions, Co(III) and Fe(II), in octahedral coordination. The schematic 
energy levels for high-spin (HS), low-spin (LS) and intermediate-spin (IS) states are shown. Clockwise and anticlockwise electron 


spins are designated by a and B. 


perovskites [Demazeau et al., 1974], influence magnetic ordering and spin- 
state transitions discussed later. 

The ABO; perovskites exhibit variability of electronic and magnetic 
properties with temperature, depending on the 3d electronic configurations 
of the transition metal cations. In octahedral coordination, cations with 
configurations 3dN (where N = 4, 5, 6 or 7, corresponding to Mn(III), 
Fe(II), Co(III) and Ni(IID, respectively), may exist in either a spin-paired 
ground state when a large crystal field splitting of t2 and eg orbitals is 
predominant, or in states with maximum unpaired electrons when Hund's 
rules are obeyed. Where the balance between the crystal field splitting and 
the intraionic exchange interactions is fine, low-spin (LS) and high-spin 


(HS) states may coexist in proportions that vary with temperature and 
pressure. In some cations, particularly Co(III) discussed later, intermediate 
spin-states (IS) may exist. These three spin-states for the 3d$ cations 
Co(III) and Fe(II) are depicted in Figure 1, and Table 1 lists the electronic 
configurations of different spin-states of Fe, Co and Ni. The 3d electrons 
can occupy either localized (discrete, trapped) or delocalized (itinerant, 
collective) states, depending on the transition metal ion. Such differences 
are exhibited by the series of transition metal-bearing lanthanum 
perovskites. The LaFeO3 and LaMnO3 perovskites, like LaCrO4 and 
LaVOs, are magnetically ordered semiconductors, reflecting localized 3d 
electrons in high-spin states; LiNiOs contains low-spin Nilll and, by 


Table 1. Electronic Configurations of Selected Fe, Co and Ni Cations 


Oxidation Number Spin Electronic Unpaired Design- After Decay 
State of 3d State Configuration Electrons ation of 57Co 
Electrons 

Fei) 6 HS (te, 4 HS Fe2+ 
LS (tag) 0 LS Fell 
IS (og)! 2 IS Feii 

Fed) 5 HS (tog (€,) 5 HS Fe3+ 
LS (log)? 1 LS Fell 
IS (tog eg)! 3 IS Feiii 

FeV) 4 HS (t2)? (€g)! 4 HS Fe 
LS (og) 2 LS FelV 

Fe(V) 3 HS-LS ON 3 Fes+ 

Co(I) 7 HS (t25 (eg? 3 HS Co2* HS Fe2* 
LS (toe)! i LS Coll LS Fell 

Co(II) 6 HS (to e, 4 HS Co3+ HS Fe3+ 
LS (toe)® 0 LS Coll LS Fell 
IS (ilea)! 2 IS Coíii LS Fell 

CoV) 5 HS (to) (e, 5 HS Co^* HS Fe4+ 
LS (tog) 1 LS ColV LS FelV 
IS (loge)! 3 IS Coiv LS FelV 

NiD 7 HS (toS (e? 3 HS Ni3+ 
LS (toe)! 1 LS Nil 
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analogy with LaCuO3 (and LaTiO3), shows metallic conductivity and 
Pauli paramagnetism as a result of delocalization of itinerant 3d electrons 
in eg orbitals (or t2 orbitals for LaTiO3). The LaCoQ3 perovskite is 
intermediate between these two extremes; the 3d electrons exhibit 
localized to itinerant behavior at elevated temperatures, as well as 
thermally-induced spin-unpairing transitions. 


Properties of LaCoO; Perovskite 


In addition to possessing rhombohedral symmetry, which is unique 
among the Co(III) perovskites [Demazeau et al., 1974], LaCoO; has 
unusual magnetic properties [Raccah and Goodenough, 1967] which are 
manifested in its magnetic susceptibility, x or Xw. Plots of the 
temperature (T) variation of the inverse magnetic susceptibility, 1/X,, as 
well xg4T versus T plots, show three distinct regions: (1) a low temperature 
region (0-400 K) where 1/x, is linear with temperature; (2) an intermediate 
temperature region (400-650 K) where 1/y, is almost independent of 
temperature; and (3) a high-temperature region (600-1100 K) where 1/x is 
essentially linear again. Such a plateau between the low and high 
temperature regions is unusual and was interpreted by Raccah and 
Goodenough [1967] to signal a rapid change in the relative proportions of 
two spin-states of Co(II), designated by them as Coll! and Co?*, which 
undergo short-range ordering. At low temperatures, diamagnetic LS CoM 
is present in LaCoOs, but in the interval 0 to 650K progressive 
conversion of LS CoM to HS Co3+ occurs. The high-spin state was 
estimated to be «0.08 eV higher in energy than the low-spin state [Raccah 
and Goodenough, 1967], so that in the temperature interval 0-400 K 
thermal population of localized electrons in e, orbitals occurs such that by 
about 675 K equal concentrations of LS Coll and HS Co?* exist. Raccah 
and Goodenough [1967] proposed that between 400 and 650 K, short-range 
cation ordering occurs in the LaCoOs structure resulting in alternating 
(111) planes of larger HS Co3+ and smaller LS Coll! ions. From an 
analysis of x-ray powder diffraction patterns as a function of temperature, 
Raccah and Goodenough [1967] suggested that a change of space group 
occurs above 650 K from R3C to R3, and postulated that long-range 
cation ordering occurs in LaCoO3 in the temperature interval 650-1215 K; 
in space group R2 there are two distinguishable cobalt sub-lattices, Coy 
and Coy, which were assumed to accommodate LS CoM and HS Co?*, 
respectively. In order to rationalize the insignificant differences of Co-O 
distances between the two sites, Raccah and Goodenough [1967] further 
proposed that transfer of an e electron from HS Co?* to LS Coll created 
(smaller) LS ColV and (larger) HS Co?* ions on sub-lattices Cog and Cor, 
respectively. They correlated this electron transfer process with a 
maximum observed in the electrical conductivity of LaCoO3 above 650 K. 
Differential thermal analysis (dta) data were reported by Raccah and 
Goodenough [1967] to support their proposed cation ordering model for 
LaCoQ3. They also stated that the calorimetric data revealed a first-order 
endothermic transition at 1210 K, which was interpreted as a 
semiconductor to metal transition in LaCoO; resulting from delocalized eg 
electrons in (antibonding) o* orbitals. The x-ray diffraction data also 
appeared to support the calorimetric evidence for this first-order phase 
transition [Raccah and Goodenough, 1967]. 

Optical absorption spectra confirmed the presence of LS Coll] in 
LaCoO3 [Marx and Happ, 1975] and demonstrated that at room temperature 
a minority of thermally activated HS Co3+ ions exists among a majority 
of LS Coll ions. Energy level calculations based on these crystal field 
spectra [Marx and Happ, 1976; Marx, 1980], as well as results from X-ray 
photoelectron spectra [Main et al., 1979; Lam et al., 1980], confirmed the 
small energy gap between the spin-states of Co(II) in LaCoOs as well as 
the low concentrations of HS Co3+ at room temperature. The XPS 
measurements at elevated temperatures [Main et al., 1979] also did not 
identify any Co(II) or Co(IV) ions which were suggested by Raccah and 
Goodenough [1967], and subsequently by Bhide et al. [1972, 1975], to be 
formed by electron transfer from HS Co?* to LS CoM ions. Furthermore, 
recent dta, electrical conductivity and neutron diffraction measurements 
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[Thornton et al., 1982] did not confirm the evidence for a first-order 
localized to itinerant electron phase transition in LaCoOs near 1210 K. A 
re-examination of the LaCoOs structure by powder neutron diffraction 
measurements in the temperature range 4.2-1248 K [Thornton et al., 1982, 
1986] revealed that only at 668 K, alone, is there any evidence for the 
rhombohedral R3 space group. Above and below this temperature, R3c 
symmetry is preferred including the proposed first-order transition point at 
1210 K. These findings led Thornton et al. [1982, 1986] to suggest that 
a more gradual semiconductor to metallic transition occurs in LaCoO3 in 
the region 520-750 K brought about by the stabilization of intermediate 
spin-state Colii, [(t,)5(eg)!], which undergoes a smooth transition of 
progressive delocalization of the e, electrons into partially filled o* 
molecular orbitals. The high temperature electron conductivity and 
magnetic susceptibility of LaCoO3 thus resemble LaNiO3 and LaCuO3 
which exhibit itinerant electron behavior. 

Magnetic susceptibility measurements of other Co(IIT) perovskites have 
also provided evidence of spin-state transitions. In plots of 1/Xg versus T, 
plateaus analogous to that for LaCoOs were observed for NdCoO3 [Rajoria 
et al., 1974], EuCoO3 [Jadhou et al., 1976] and solid solutions of Lay. 
xNd4CoOs with x = 0.1 [Madhusaden et al., 1980]. However, since 
unpaired 4f electrons in rare earth cations also contribute to magnetic 
susceptibilities and complicate interpretations of Co(III) spin-states, 
cobalt-only values were estimated from differences of molar magnetic 
susceptibilities (Axw) between ACoOs and corresponding aluminate 
AAIO3 perovskite phases (where A = Pr, Nd, Gd, Td, Dy, Ho and Yb) 
[Madhusadan et al., 1980]. Maxima in plots of Aym! versus T data 
shown in Figure 2, as well as inflexion points in XwT (or x; T) versus T 
plots [Rajoria et al., 1974; Jadhao et al., 1975; Bahadur, 1976; Main et 
al., 1979], indicate the onset of spin-unpairing transitions at different 
temperatures in LS CoM in a variety of Co(III) perovskites. Results 
illustrated in Figure 2 show that Co(III) spin-unpairing transition 
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Figure 2. Plots of cobalt contributions to the inverse magnetic 
susceptibility of ACoO3 perovskites against temperature for A = Pr (0), 
Nd (U), Tb (4), Dy (6) and Yb (W). The xy! versus T curve of LaCoO3 
is shown in the inset for comparison [after Madhusudan et al., 1980]. 
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Table 2. Mossbauer Parameters for 57Fe in Perovskites. 


Composition Ta &b Ac Hd Fe Speciese Reff 
LaFeO3 RT 0.39 -0.02 521 HS Fe3+ 1 
IN 0.46 -0.02 562 HS Fe3+ 1 
LH 564 HS Fe3+ 1 
CaTiO3 RT 0.35 0 - HS Fe3+ 2 
RT 1.05 2.15 - HS Fe2+ 2 
CaFeO3 RT 0.20 0 - av Fetá 3 
LH 0.34 0 416 HS Fe?* 3 
LH 0.00 0 279 HS Fe5* 3 
SrFeO4 RT 0.05 0 - HS Fe4+ 34 
LH 0.15 0 331 HS Fe4+ 3,4 
Laı.sSro.sLio.s 
Feg.503 RT -0.19 1.10 - HS Fe4+ 5 
LaLig sFeo,503 RT -0.41 0 i HS Fe5* 5 
Lag.sSro,sFeOs RT 0.19 0.18 - av Fe*35 3,6 
LH 0.44 0 505 HS Fe3+ 3,6 
0.00 0 262 mixed 3,6 
0.10 0 298 mixed 3,6 
Lag 3S8ro 7;FeO5 LH 0.36 0 460 HS Fe3+ 3,6 
-0.05 0 269 HS Fe5+ 3,6 
Lag,sCag,sFeO3 RT 0.20 0 - av Fe+3.5 7 
LH 0.46 0 ~500 HS Fe3+ 7 
-0.07 0 ~270 HS Fe5+ 7 
GdBa2(Cug 94 RT 0.23 1.97 - HS Fe3+ planar 8 
Feo.06)3O9.8 0.18 1.05 - HS Fe?* pyramid 8 
LaCoO3 RT 0.36 0 - HS Fe3+ 9 
0.01 0 - LS Fell 9 
LN 0.47 0 - HS Fe3+ 9 
0.02 0 - LS Fell 9 
SrCoOs.. RT 0.0 0 : HS Fe4+ 9 
Lag,5Sro,sCoO3 RT 0.21 0 - av Fe*35 10 
LN 0.10 0 - av Fe*3.5 10 
Dyo,5Bag,5CoOs RT 0.29 0 - HS Fe3* 10 
RT -0.07 0 - LS FelV 10 
IN 0.39 0 - HS Fe?* 10 
IN 0.02 0 - LS FelV 10 
a T= Temperature: RT, ~300 K; LN, ~77 K; LH, -4.2 K. 
b 8 = Isomer shift, mm/sec, relative to Fe foil calibration. 
€ A = Quadrupole splitting, mm/sec. 
d H= Magnetic hyperfine field, kOe. 
€ Fe spin-states, see Table 1. 
f Key to references: 
] Eibschutz et al. [1967] 6 Takano et al. [1981] 
2 This work 7 Grenier et al [1983] 
3 Takano and Takeda [1983] 8 Tang et al. [1987] 
4 Gallagher et al. [1964] 9 Bhide et al. [1972] 
5 Demazeau et al. [1983] 10 Chakrabarty et al. [1983]. 


temperatures increase with rising atomic number along the rare earth — non-stoichiometry of the YCoO3 perovskite phase measured by Jadhao et 
series, indicating that diminishing ionic radius of the rare earth cation al. [1975]. The evidence that Mossbauer spectroscopy has brought to 
coupled with decreasing unit cell volume of the ACoO3 perovskites bear on the electronic states of LaCoO3 and related Co(III) perovskites is 
[Demazeau et al., 1974] produce larger crystal field splittings between tog described later. 

and e, orbitals and stabilize the LS Coll state at progressively higher 

temperatures. Other magnetic susceptibility measurements of YCoO; and Mossbauer Spectra of Perovskites 

LuCoO3; containing diamagnetic Y3+ and Lu?* ions [Demazeau et al., 

1974] support this trend. However, discrepancies between magnetic Background 

susceptibility data for YCoOs [Jadhao et al., 1975; Demazeau et al., 

1974], as well as for LuCoQ3 [Bahadur, 1976; Demazeau et al., 1974], Because the Mossbauer-active 57Co (half-life = 270 days) and daughter 
were attributed [Main et al., 1979] to contamination by Co2+ ions and 57Fe (natural abundance = 2.2%) isotopes are particularly sensitive to their 
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crystalline environments, changes of oxidation, magnetic and spin-states of 
Fe and Co cations in the perovskite structure have been determined from 
Mossbauer spectral measurements of several iron-bearing ABO; phases 
over ranges of temperatures. Two methods of measuring perovskite 
Mossbauer absorption spectra have been exploited. In the more 
conventional Mossbauer experiment, an iron-bearing perovskite serves as 
the absorber and 57Fe isotopes in it experience resonance absorption of 
velocity-modulated 14.41 keV nuclear gamma rays when they are emitted 
from a near-by source such as 57Co diffused into a metallic foil of Rh, Pd, 
etc. The 57Co atoms in the source decay by electron capture to 57Fe 
retained in the metallic foil. The daughter 57Fe then emits Mossbauer 
gamma rays which are resonantly absorbed by 57Fe isotopes contained in 
the perovskite sample under investigation. Each crystallographically 
distinct Fe cation in the perovskite absorber contributes a singlet, 
quadrupole doublet or magnetic sextet to a Mossbauer spectrum, enabling 
the coordination symmetry, oxidation state, spin-state, magnetic state and 
relative proportion of an Fe cation to be determined. 

In the less conventional Mossbauer emission spectroscopy (MES) 
experiment, the source becomes 57Co implanted into the perovskite phase 
of interest, and the absorber is chosen to be a standard compound such as 
potassium ferrocyanide, KaFe(CN)s.3H20, or stainless steel which both 
give single-line spectra. Chemical shifts of this line and/or the appearance 
of multiple lines in the Mossbauer spectra of the stainless steel or 
potassium ferrocyanide standards may be indicative of 57Co species having 
different valences, spin-states, and crystallographic site occupancies in the 
host perovskite prior to the decay to 57Fe cations which are retained at the 
cobalt sites in the mineral emitter. The technique of MES, therefore, 
appears to be a powerful method for determining the crystal chemistry of 
Co in host perovskites. However, there are complex chemical after-effects 
during the decay of 57Co to 57Fe [Spencer and Schroeer, 1974; Smith et 
al., 1978] that may influence the electronic structures and valences of 
daughter iron cations in the perovskite sources and seriously affect 
interpretations of MES data. 57Co decays by electron capture to 57Fe by 
91% capture from the K electron shell (1s orbital) and 9% L shell capture 
(2s orbital). Electrons in outer shells, including 3d electrons in the M 
shell, may cascade into holes in the K or L shells (emitting X-rays), or 
undergo Auger transitions and be ejected from the cation thereby increasing 
the charge-state of the daughter 57Fe. A variety of Fe valence and spin- 
states may be produced, some of which are included in Table 1. These 
chemical after-effects are very sensitive to the local environment about 
57Co (now 57Fe) in oxide structures due to intrinsic crystal defects 
[Olivella et al., 1983], including those in oxygen-deficient perovskites. 
Chemical after-effects in MES experiments have been monitored by 
carrying out parallel measurements on 57Fe-implanted host oxide phases 
(e.g. Spencer and Schroeer, 1974; Smith et al., 1978]. 

In the following sections Mossbauer spectral data summarized in Table 
2 for a variety of iron-bearing perovskites are described. Note that the 
isomer shift data listed there are all expressed relative to reference zero 
velocity for the metallic œ-Fe calibration standard. The parameters in 
Table 2 set the stage later for a critical evaluation of Mossbauer spectral 
data for 57Co-doped perovskites. 


Spectra of AFeO 5 Perovskites 


Pure end-member AFeO4 perovskites (where A = La through Lu), 
sometimes termed orthoferrites to distinguish them from cubic spinel 
ferrites, produce relatively simple six-line magnetic hyperfine Mossbauer 
spectra at ambient temperatures [Eibschutz et al., 1967], as shown in 
Figure 3. Magnetic ordering of HS Fe?* cations in the octahedral B sites 
is essentially antiferromagnetic with a weak ferromagnetic component, and 
results from strong Fe(B-site) - Fe(B-site) coupling between corner-sharing 
[FeOgl octahedra. Mossbauer spectra at elevated temperatures have enabled 
antiferromagnetic disordering temperatures, Ty, to be resolved to within +1 
K. This is demonstrated by the spectra of DyFeO3 in Figure 3 which 
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Figure 3. Mossbauer spectra of DyFeO3 perovskite between room 
temperature and the Neel temperature, TN ~ 650 K. The spectra are 
calibrated against 57Co in Cu which is 0.225 mm/sec higher than the œ-Fe 
standard [after Eibschutz et al., 1967]. 


show collapse of the magnetic hyperfine sextet to a singlet for 
paramagnetic HS Fe3+ by 650 K. Values of Ty for the AFeO3 
orthoferrites, which are plotted in Figure 4, decrease periodically from 740 
K for LaFeO3 to 623 K for LuFeO3. Such a drop of the Ty values 
indicates that the strong antiferromagnetic coupling interactions between 
Fe3+ (B-site) cations are influenced by differences of A-site occupancies 
resulting from decreasing ionic radii, contraction of the unit cell, departures 
from linearity of Fe-O-Fe bond angles in corner-shared FeOg octahedra and 
increased covalent bond character with rising atomic number along the 
lanthanide series. Thus, as the A-O bonds become more covalent, the Fe- 
O bonds become more ionic. With incrreasing ionicity of the Fe-O bonds, 
the Fe-O-Fe superexchange interactions decrease, thereby lowering the Neel 
temperatures. 

Magnetic exchange interactions also vary in perovskite solid solutions. 
For example atomic substitution of Co for Fe in EuFe, 4,Co&O3 solid 
solutions causes the magnetic ordering temperatures to decrease drastically 
from 662 K in pure EuFeO3 to «85 K for x = 0.6Co [Gibb, 1983a], due to 
the replacement of neighboring HS Fe3+ ions by diamagnetic LS Colll. 
Furthermore, the single six-line magnetic hyperfine spectrum of pure 
EuFeQ3 shows additional superhyperfine patterns in Co-substituted phases 
originating from different next-nearest neighbor cation interactions [Gibb, 
1983a]. The composition EuFeo Coo 103, for example, consists of three 
component patterns, which were attributed [Gibb, 1983a] to a statistical 
distribution of Fe3+ sites with 6Fe3+ neighbors (53%), SFe3* and 1Colil 
neighbors (35%), and 4Fe3+ and 2Co™ neighbors (10%). Similar nearest- 
neighbor cation interactions appear in Mossbauer spectra of TbFe;.,Cr4Os 
[Nishihara, 1975], LaNi,.,Fe,03 [Asai and Sekizawa, 1980] and EuFe,. 
xCr,03 [Gibb, 1983b] solid-solutions. These results demonstrate that next 
nearest-neighbor cation interactions influence magnetic coupling between 
iron atoms in the perovskite structure. 
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Figure 4. Compositional variations of the Neel temperatures for rare earth (A) perovskites AFeO3. Magnetic ordering of Fe3+ in 
B-sites is influenced by the rare earth cation in adjacent A-sites [data from Eibschutz et al., 1967]. 


Spectra of Alkaline Earth Perovskites 


Natural perovskites, CaTiO3, usually contain small amounts of iron, 
the concentrations of which are generally higher in rare earth and niobium- 
rich specimens [Deer et al, 1962, Table 10]. Room temperature 
Mossbauer spectra of such a perovskite mineral acquired for this study and 
possessing the formula 


(Cag .954Sr0.007REE0.046)(Tio.911Nbo.025Alo.018F€0.052)03 


consists of a single peak at 0.35 mm/sec, the isomer shift of which is 
indicative of HS Fe3+, and a weak doublet with parameters (6 = 1.05 
mm/sec; A = 2.15 mm/sec) diagnostic of octahedral HS Fe2+ ions. The 
absence of quadrupole splitting for HS Fe3+ is consistent with the presence 
of ferric ions in regular octahedral sites in the cubic CaTiO3 structure. The 
detection of iron cations replacing Ti^* in these sites is indicative that Fe2+ 
could replace octahedral Si4* in silicate perovskites in the lower mantle 
[Jeanloz et al., 1988]. 

The Mossbauer spectrum of cubic SrFeO4 at room temperature also 
consists of a single peak occurring at 0.05 mm/sec, and a single magnetic 
sextet at 4.2 K [Takano and Takeda, 1983] suggestive of just one oxidation 
state, Fe(IV). Stoichiometric orthorhombic CaFeO 3 synthesized under 
high oxygen pressures gives a single peak, too, at 0.07 mm/sec in the 
room temperature spectrum, but at 4.2 K two magnetic sextets are present 
attributable to cations in two valence states, Fe5+ and HS Fe3+ [Takano 
and Takeda, 1983]. These authors suggested that Fe(IV) in SrTiO3 exists 
as HS Fe^*, (t2g)3(eg)!, with the eg electrons being delocalized in the o* 
band by analogy with LS NilV. The delocalized HS Fe^* state also exists 
in CaFeQ3 at room temperature, but at lower temperatures localization of 
electrons into eg orbitals causes the Fe^* ions to disproportionate to equal 
amounts of Fe3+ and Fe5* ions at 4.2 K after passing through temperature- 
dependent intermediate valence states [Takano and Takeda, 1983]. 


Substitution of Sr into CaFeO3 produces a single peak around 0.06 
mm/sec in the room temperature Mossbauer spectra for all compositions 
of Cay-,Sr,FeO3 (0 < x < 0.75) [Takano and Takeda, 1983]. At lower 
temperatures two sextets appear, the parameters of which vary linearly 
between those of the sextets for Fe5+ and HS Fe3+ in CaFeO3 and the 
values for the single sextet for HS Fe4+ in SrFeQ3. These results indicate 
that HS Fe4+ ions disproportionate into equal amounts of Fe ions having 
indiscrete continuous valences higher and lower than +4 [Takano and 
Takeda, 1983]. 

The spectrum of stoichiometric La, 5Sro.5Lig,5Feo.503 consists of a 
doublet [Demazeau et al., 1983], the large quadrupole splitting of which 
(Table 2) is indicative of tetravalent LS FelV, [(t24)51, with electrons 
localized in the ty, orbitals. Stoichiometric LaLio 5Feg,503, on the other 
hand, gives a singlet spectrum at room temperature with an isomer shift of 
-0.41 mm/sec [Demazeau et al., 1983], indicative of pentavalent Fe with 
the spherical electronic configuration [(t2,)3]. 

Spectra of oxygen-deficient perovskites show evidence of averaged 
valence states resulting from electron hopping between adjacent Fe cations 
at elevated temperatures. Thus, room temperature spectra of Lay. 
x51 FeO3_, and La;.,Ca,FeO3., both consist of singlets. The isomer shift 
of the former varies linearly between the values of HS Fe4+ in SrFeO3 and 
HS Fe3+ in LaFeO3 [Takano et al., 1981], whereas the isomer shift of the 
latter remains at 0.20 mm/sec when La replaces Ca [Grenier et al., 1983; 
Takano et al., 1981]. These results indicate that the larger more ionic Sr2+ 
cation stabilizes HS Fe4+ even at room temperature, whereas smaller Ca 
and La cations produce the Fe?* and Fe?* states at low temperatures which 
undergo electron hopping leading to average-valence Fe(IV) species at 
elevated temperatures. Similar average-valence Fe species occur in a 
variety of oxygen deficient Sr, La-Sr and La-Ca iron-bearing perovskites 
[Takano et al., 1981; Grenier et al., 1982, 1983; Takano and Takeda, 
1983]. 
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Figure 5. Temperature variations of the Mossbauer emission spectra of LaCoOs implanted with 57Co [after Bhide et al., 1972]. 


Spectra of Superconducting Perovskites 


Recent Mossbauer spectral measurements of the Fe-bearing 
superconducting cuprate perovskite, GdBa2(Cuo o4Feo.09)3O9.s [Tang et 
al., 1987], yielded two ferric doublets having an approximate intensity 
ratio of 2:1, which were assigned to HS Fe?* in square planar (Cur 
position, site multiplicity of one) and square pyramidal (Cuy position, site 
multiplicity of two) coordinations (Table 2). Tang et al. [1987] believed 
that the larger electric field gradient of the Cur site compared to the Cun 
site correlated with a higher quadrupole splitting expected for four- 
coordinated square planar Fe?* relative to five-coordinated square pyramidal 
Fe3+. If this assignment is correct, the relative peak intensities show that 
Fe3+ ions have a site preference for the Cu; positions. An alternative 
assignment of the two doublets is possible on the basis of the isomer shift 
parameter, which generally is smaller for HS Fe3+ in lower coordination 
number environments. Thus, five-coordinated Fe?* ions in the more 
abundant square pyramidal Cuy sites should have a larger isomer shift than 
four-coordinated Fe3+ ions in the less abundant square planar sites. This 
interpretation of the Mossbauer spectra would indicate a more random 
distribution of Fe3+ ions in the superconducting Gd-Ba-Cu perovskite 
phase than inferred from the assignment of Tang et al. [1987]. 


Summary. 


The conclusion to be drawn from these Mossbauer spectral measurements 
is that defect lanthanide transition metal perovskites, (A,R)FeOs.X, induced 


by the substitution of trivalent lanthanide cations, A, by divalent alkaline 
earth cations, R (where A = Ca, Sr, etc) result in unusual oxidation states, 
spin-states and coordination symmetries of Fe cations in the B-sites. 
Similar defects may also affect spin-states and valences of Co-bearing 
perovskites discussed later. 


Mossbauer Emission Spectra of 57Co-Doped ACoOs Perovskites 


Pursuant to interpretations of spin-state transitions in LaCoOs based on 
the dta, X-ray powder diffraction, magnetic susceptibility and electrical 
conductivity data assembled by Raccah and Goodenough [1967], a number 
of Mossbauer emission spectral measurements were made of 57Co in 
Co(II) perovskites, principally by Indian scientists during the period 1972- 
1976 [Bhide et al., 1972, 1973, 1975; Rajoria et al., 1974; Jadhou et al., 
1975, 1976; Rao et al., 1975; Bahadur, 1976; Chakrabarty et al., 1983], 
which were aimed at determining variations of the proportions of LS Coll 
and HS Co3+ induced by increasing temperatures and different rare earth 
cations. Temperature variations of the MES spectra of LaCoO3 [Bhide et 
al., 1972] are illustrated in Figure 5. The two peaks at ~0.05 mm/sec and 
~0.40 mm/sec (referred to potassium ferrocyanide calibration, which is 
40.035 mm/sec higher than that for a-Fe) observed in ambient and lower 
temperature spectra were assigned to LS Fell and HS Fe?*, respectively, 
derived from electron capture decay of 57Colll and 57Co3+ in the host 
LaCoQ3 perovskite. The increased intensity of the high velocity peak 
relative to the low velocity peak above 78 K appeared to demonstrate that 
LS Colllis converted to HS Co?* with rising temperatures. However, 
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Figure 4 shows that the high velocity peak decreases in relative intensity 
at elevated temperatures and disappears completely by 1210 K. Influenced 
by the earlier suggestion [Raccah and Goodenough, 1967] that HS Co3+ 
cations transfer eg electrons to some of the remaining LS CoM ions to 
form Co(II) and Co(IV) ions pairs, Bhide et al. [1972] initially proposed 
that LS Col, [(tz,)6(e,)1], and HS Co**, [(t543(e5)?] ion pairs are formed 
which, upon electron capture decay, produce LS Fell, [(t54)61, and HS Fe^*, 
[(t24)4(e,)11, the isomer shifts of each of which were assumed to lie near 
zero mm/sec and to overlap the LS Fell peak originating from LS Coll! 
not involved in electron transfer. Later, Bhide et al. [1975] proposed that 
the ion pairs involved the intermediate spin-state Colv, [(12,)4(eg)!1, and 
LS Col cations which, upon electron capture decay, produced LS FelV, 
[(t25)4], and LS Fell, respectively. Bhide et al. [1972] also concluded that 
their Mossbauer spectral data for LaCoOs were consistent with the cation 
ordering model proposed by Raccah and Goodenough [1967] in which the 
Coll and Co3+ occupancies of the Coy and Coy sites led to a change in 
space group from R3c to R3. However, Bhide et al. [1972] suggested 
that such cation ordering occurs only after the formation of the Co(IV) and 
Co(II) lone pairs. 

The Mossbauer spectra illustrated in Figure 5 show temperature shifts of 
the peak centers. The temperature variations of the high velocity peak are 
consistent with those measured for the isomer shift of HS Fe?* in the 
AFeO; perovskites up to ~600 K  [Eibschutz et al., 1967]. Bhide et al. 
[1972] suggested that the sharp decrease of peak positions beyond 650 K, 
particularly for the low velocity peak, correlated with observations [Raccah 
and Goodenough, 1967] of structural changes brought about by long-range 
cation ordering and the resultant change of rhombohedral space group of 
LaCoOs which, as noted earlier, was not confirmed by subsequent neutron 
diffraction studies [Thornton et al., 1982, 1986]. 

A major problem inherent in the Mossbauer spectra shown in Figure 5 
is that the peak intensities indicate that HS Fe3+ predominates over LS 
Felll at 305 K, suggesting that HS 57Co3* was more abundant than LS 
57Colll in the host LaCoO3 perovskite. However, this result does not 
correlate with evidence from optical absorption spectra [Marx and Happ, 
1975], x-ray photoelectron spectra [Main et al., 1979; Lam et al., 1980], 
and calculations [Raccah and Goodenough, 1967] which show HS Co?* 
cations to be the minority species at room temperature. Thus, the high 
velocity peak originating from HS Fe3+ should have the lower intensity. 
Such a discrepancy points to complications which may be attributable to 
chemical after-effects in the MES measurements. 

The Mossbauer spectra of other 57Co-doped Co(III) perovskites, 
including NdCoO; [Rajoria et al., 1974)], EuCoOs [Jadhao et al., 1976], 
GdCoO; [Rajoria et al., 1974], DyCoOs [Chakrabarty et al., 1983], 
HoCoO; [Bhide et al., 1973], ErCoOs [Jadhao et al., 1975] and LuCoOs 
[Bahadur, 1976], as well as YCoOs [Jadhao et al., 1975], all show 
evidence of temperature-induced spin-unpairing transitions in Co(III) which 
occur at progressively higher temperatures from NdCoOs to LuCoOs. 
Thus, at ambient temperatures (78-300 K), the ratio of HS Fe?* to LS 
Fell! (gauged from relative intensities of the peaks at ~0.40 mm/sec and 
~zero mm/sec, respectively) decreases from LaCoOs to LuCoOs. Again, 
such a variation along the lanthanide series correlates with diminishing 
ionic radius of the rare earth cation, contraction of unit cell parameters and 
increased zig-zagging of the corner-shared octahedra in the ACoO3 
perovskites, larger crystal field splitting and increased stability of ty, 
orbitals of LS Colll, It is also significant that the isomer shift attributed 
to HS Fe?* increases from 0.36 mm/sec to 0.70 mm/sec along the series 
La«Nd«Gd«(Y)«Ho«Er (Bhide et al., 1973; Jadhao et al., 1975), from 
which it was concluded that increased ionicity of Co-O bonds in the parent 
ACo0; perovskite is associated with increasing covalency along the rare 
earth series. However, the isomer shifts reported [Jadhao et al., 1975; 
Bhide et al., 1973] for ErCoO; (0.70 mm/sec), YCoO (0.67 mm/sec) and, 
perhaps, HoCoO; (0.57 mm/sec) are anomalously high for octahedral HS 
Fe3+ in oxides, and lie in the range observed for electron delocalized HS 
(Fe2+-Fe3+) species [Burns, 1981]. The increased stability of LS CoH in 
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Co(II) perovskites of the heavier rare earth elements is also shown by the 
Mossbauer spectral data for alkaline earth-substituted phases [Bhide et al., 
1975; Rao et al., 1975; Chakrabarty et al., 1983). Thus, Ba,Dy;.,CoO3 
phases contain smaller proportions of HS Co3+ [Chakrabarty et al., 1983] 
than do corresponding Sr-La, Sr-Nd and Ba-Nd cobalt perovskite solid- 
solutions. 

As noted earlier for LaCoOs, the Mossbauer spectra at ambient 
temperatures of other rare earth Co(III) perovskites, too, all show 
anomalously high peak intensities for HS Fe3+ (assumed to originate from 
parent HS 57Co3+ cations) than would be expected from magnetic 
susceptibility and x-ray photoelectron spectroscopy measurements [Main et 
al, 1979] in which LS Coll ions predominate. Main et al. [1979] 
attributed the anomalously high magnetic susceptibilities reported for 
Y CoO; and ErCoO, [Jadhao et al., 1975] to Co2* impurities in these 
oxygen deficient perovskites. Decay of 57Co2* ions would produce the 
Fe2+ cations involved in Fe2+-Fe3+ electron delocalization, thereby 
accounting for the high isomer shifts reported in the Mossbauer spectra of 
ErCoO; and YCoO3. Other discrepancies may be attributable to chemical 
after-effects in the Mossbauer emission spectral measurements. 


Discussion 


The magnetic susceptibility and Mossbauer spectral data for rare earth 
Co(II) perovskites demonstrate that thermally-induced spin-unpairing of 
electrons occurs in LS Coll and that once initiated, the spin-state 
transition to HS Co?* proceeds smoothly as the temperature increases. 
However, the onset of such spin-unpairing transitions in these ACoO; 
phases occurs at progressively higher temperatures with rising atomic 
number of the A3+ rare earth cation, indicating that larger more ionic 
cations (e.g. La3+, Nd3*) in the A-sites facilitate low-spin to high-spin 
transitions in the B-site cations. As the relative proportions of LS Coll! 
and HS Co?* equalize at high temperatures, electron delocalization is 
induced and the itinerant electrons produce intermediate spin-states of 
Co(II), particularly in LaCoO3, NdCoO3 and, perhaps, EuCoOs. The data 
also suggest that ACoO, and (A,R)CoO. perovskites are prone to oxygen 
vacancies and that non-stoichiometric phases induce electron delocalization 
and intermediate valence states on B-site cations. 

Several inconsistencies exist, however, between the Mossbauer 
emission spectroscopy data and results obtained from magnetic 
susceptibility and other measurements. For example, why is the HS Fe3+ 
peak intensity so high in lower temperature spectra of 57Co-doped 
perovskites, when magnetic susceptibility and x-ray photoelectron 
spectroscopy data indicate that HS Co?* is the minority cation particularly 
in heavier rare earth Co(II) perovskites? And, why does the HS Fe3+ peak 
"disappear" and the low velocity peak intensify in higher temperature 
spectra? The answers to these questions hinge on chemical after-effects 
accompanying electron capture decay of 57Co and the thermal populations 
of intermediate spin-states. 

Electron capture events during the decay of parent 57Co isotopes are 
associated with intraionic electronic transitions to a vacated 1s orbital or 2s 
orbital from higher energy orbitals including the t, and ej orbitals which, 
in turn, may undergo electron rearrangements. Interionic electron transfer 
accompanying Auger transitions may also redistribute electrons in outer 3d 
orbitals of neighboring isotopes. These electron rearrangements are further 
influenced by elevated temperatures, particularly if energy differences 
between various configurations are small; this appears to be the case for 
the HS Co?*, IS Coiii and LS Col spin-states. At lower temperatures, 
excess HS 57Fe3+ may result from the electron rearrangements following 
electron capture decay of LS 57Co™ isotopes, producing an anomalously 
intense peak at high velocity in a Mossbauer emission spectrum which is 
characteristic of HS Fe3+. However, as the IS 57Coiii spin state, 
[(t2g)5(eg)1], becomes thermally populated at elevated temperatures, 
electron capture decay of these isotopes eject electrons from the ej orbitals 
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producing LS Fell ions which accentuate the low velocity peak in a 
Mossbauer emission spectrum. 


Applications to Spin States of Iron in the Mantle 


Crystal chemical data derived from the Mossbauer spectra of Fe-bearing 
alkaline earth and rare earth perovskites provide insight into the electronic 
structures of iron cations that might be expected in silicate perovskites 
occurring in the lower mantle. In these perovskites, Si4+ is the 
predominant octahedral B-site cation. However, evidence from Mossbauer 
spectroscopy showing that Fe2* and Fe3+ replace Ti4+ in the parent 
CaTiOs perovskite structure support observations [Jeanloz et al., 1988] 
that some Si4* may be replaced by Fe2* in silicate perovskites. The entry 
of large Fe2+ ions into the octahedral B sites would be facilitated by A-site 
occupancy by cations with large ionic radii. Thus, if either extensive 
atomic substitution of Ca2* for Mg2* occurs in MgSiO3 perovskite, or 
two-perovskite CaSiO4-MgSiOs assemblages exist in the lower mantle, 
significant amounts of Fe2* ions could be present in the calcium-rich 
perovskite phase. 

Octahedral Fe2*, be they in the octahedral sites of the silicate perovskite 
or in a coexisting magnesiowustite phase, are vulnerable to HS Fe?* to LS 
Fell spin-pairing transitions in the lower mantle. Although pressure- 
induced spin-pairing and temperature-induced unpairing phenomena would 
Offset one another with increasing depth in the lower mantle, the effect of 
elevated pressures is likely to dominate the influence of rising temperature. 
While entry of Fe2* in perovskite B sites may be facilitated by the 
presence of Ca2* in neighboring A sites, the presence of the larger Ca2* 
ions there could destabilize LS Fell compared to A-site occupancy by 
smaller Mg?* ions, by analogy with La3+ versus Lu3+ in the Co(III) 
perovskites. 

If spin-state transitions are induced in octahedrally coordinated high-spin 
Fe?*, [(tz,)4(e,)2], in perovskite or periclase structures at high pressures in 
the lower mantle, the influence of high temperatures there could well be to 
populate the intermediate spin-state Feï configuration, [(25)5(e9)!1, as well 
as the low-spin Fell state, [(t2406], by analogy with IS Colii which occurs 
in LaCoO; and, perhaps, other Co(II perovskites at elevated temperatures. 
Delocalized eg electrons of IS Fei in o* orbitals could induce metallic 
properties in host perovskite or periclase phases if they are significantly 
iron-rich, by analogy with LS Nil! in LaCoOs, IS Coiii in LaCoO3 and 
HS Fe4+ in SrFeO3. Alternatively, localized eg electrons in IS Feii could 
induce Jahn-Teller distortion of its coordination site, or cause 
disproportionation to HS Fel*, [(t2,)5(e,)2], and LS Fe, [(t25)51, by 
analogy with the HS Fe4+ to Fe5* plus HS Fe3+ disproportionation 
observed in CaFeO3. If such relatively large HS Fel* cations were to exist 
in the lower mantle, they would be stabilized in A-sites of silicate 
perovskites and the body-centered cube site of the MgO phase if it 
transformed to the CsCl structure-type. Certainly, the electronic states of 
iron cations in the Earth's interior are likely to be vastly different from 
those observed at ambient temperatures and pressures; isoelectronic cobalt 
cations in perovskite phases may well be the key to a better understanding 
of the properties of iron in the lower mantle. 
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Note Added. In his review of the manuscipt, Dr. David M. Sherman 
pointed out that the transitions: (1) HS Fe2* to IS Feil. and (2) LS Fell to 
IS Feii, both involve an increase of electronic entropy (0.18R and 2.89R, 
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respectively) and would be favored by the high temperatures of the lower 
mantle. He also commented that the disproportionation of IS Feii to LS 
Fell! plus HS Fe!* involves a decrease in electronic entropy (-0.75R) and 
would not be favored by high temperatures. 
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Abstract. The multimillion dollar markets 
for multilayer capacitors, piezoelectric 
transducers, and PTC thermistors are based on 
ferroelectric ceramics made from oxide 
perovskites. Atomistic and electronic phenomena 
crucial to an understanding of these components 
are reviewed in this paper, together with a brief 
description of their electrical properties. All 
three devices make use of ferroelectric phase 
transformations and chemical dopants to optimize 
performance, 


distortions occur not only in perovskite 
crystals, but in liquids as well. In aqueous 
solution, active ions such as pitt and Nb?* form 
asymmetric complexes with water molecules. In 
the [TiO (H,0) 1?* complex, titanium forms a short 
Strong bond with a single oxygen ion and five 
longer weaker bonds to water molecules. The 
distorted octahedral complex possesses polar 
symmetry (point group 4mm) identical to that of 
tetragonal BaTiO}. 


Capacitor Dielectrics 

Introduction 

Multilayer capacitors are made from tape-cast 
ceramic layers interleaved with silver-palladium 
electrodes. Modified barium titanate with its 
three ferroelectric phase transformations is 
generally used as the ceramic dielectric. Barium 
atoms are located at the corners of the cubic 
unit cell (Fig. 1) and oxygens at the face center 
positions. The Ba?* and O^" ions have radii of 
about 1.4À, and together make up a face-centered 
cubic array with a lattice parameter near 4À. 
Octahedrally coordinated Tit ions at the center 
of the cubic unit cell are the active ions 
promoting ferroelectricity. 

On cooling from high temperature, the crystal 
Structure of BaTiO, undergoes three displacive 
phase transitions (Fig. 1) with atomic movements 


A number of engineering applications of 
perovskite ceramics and crystals are listed in 
Table 1, but only the first three are profitable. 
Multilayer capacitors, piezoelectric transducers, 
and positive temperature coefficient (PTC) 
thermistors all make use of ferroelectric 
Ceramics with the perovskite structure. The 
world market for ceramic capacitors is about two 
billion dollars per year, approximately twice 
that for transducers, and ten times the market 
for thermistors. 


Origin of Ferroelectricity 


The oxide perovskites used as capacitors, 
transducers, and thermistors have high dielectric 
constants and large piezoelectric coefficients. 
Corner-linked (T49.)^" octahedra are the highly 


: ; : : : Electrical Applications of Perovskites. 
polarizable active ions promoting ferroelectric 


TABLE 1. 


phase transitions with large spontaneous 


, ; : à ; or 8 Multilayer Capacitor BaTiO, 
polarization: Tetravalent titanium is a a ion Piézoeléctrie Transdücer Pb (Zr, Ti)O, 
with: low-lying 3d, 4s, and ap orDitals n a pre Uhernmister BaTiO, 
combine with the 6- and n-orbitals a£ the six O Electrooptic Modulator (Pb, La) (Zr, Ti)O, 
neighbors to form the molecular orbitals of the Dielectric Resonator Ba Zro, 
octahedral complex. The bond energy of the Thick Film Resistor BaRuO, 


complex can be lowered by distorting the 
octahedron to a lower symmetry. This leads to 
dipole moments, ferroelectricity, and large 


Electrostrictive Actuator 
Superconductor 


Pb (Mg, Nb) 0, 
Ba (Pb, Bi) 0, 


4 E n Magnetic Bubble Memory GdFeO, 
electric permittivity. Laser Host YAlO 
It is interesting to note that such Ferromagnet (Ca, La) MnO 
3 
Refractory Electrode LaCoO, 
Second Harmonic Generator KNbO 


Copyright 1989 by the American Geophysical Union 


91 


3 


Geophysical Monograph Series 


Perovskite: A Structure of Great Interest to Geophysics and Materials Science 


92 STRUCTURE-PROPERTY RELATIONSHIPS IN PEROVSKITE ELECTROCERAMICS 


- 
| E 
a 
TETRAGONAL to, bea E 
v 
$ : 
$ 
ORTHORHOMBIC | >a fied E] 
i z 
Y e a 
-99't 
9 fema -100*€ 9 120° 
RHOMBOHEDRAL | 
Fig. l. Structural changes occurring at the 


three ferroelectric phase transformations in 
BaTiO4 result in large values of the dielectric 
constant over a wide temperature range. 


of 0.1A or less. At the Curie temperature of 
130'C, the point symmetry changes from cubic m3m 
to tetragonal 4mm. The tetragonal state with 
spontaneous polarization along [001] persists 
down to 0°C where it transforms to orthorhombic 
(mm2) symmetry as Pg shifts to a face diagonal 
direction. On further cooling, the orthorhombic 
Structure transforms to rhombohedral (3m) near 
-90'C. 

Changes in the perovskite structure are 
illustrated in Fig. 1, along with the associated 
peaks in the dielectric constant. In regard to 
Capacitors, it is very important that the 
dielectric constant be high over a wide 
temperature range. The presence of two lower 
ferroelectric transformations ensures that the 
dielectric constant remains high below the Curie 
temperature. Note that the dielectric constant 
is highly anisotropic with much larger values 
along directions perpendicular to the polar axis. 
The instability of the structure makes it easy to 
tilt the spontaneous polarization vector with a 
transverse electric field. 


Crystal Chemistry of BaTio 1o, 


Barium titanate ceramics have been used as 
Capacitors for forty years, and there have been 
many studies of its solid solutions. There are 
basically three ways in which the structure of 
BaTiO, can be altered to modify its properties: 
(1) smaller divalent cations can be substituted 
for barium, (2) larger tetravalent ions can be 
substituted for titanium, and (3) smaller 
tetravalent cations be used to replace titanium. 
A fourth possibility in which barium is replaced 
by larger divalent ions is difficult because Ba?' 
is the largest non-radioactive divalent cation. 

Non-isovalent substitutions are also 
possible, of course, and these will be considered 
later as donor and acceptor dopants.  Coupled 
substitutions such as Ba, ,Na,Ti, ,Nb,O, are 
occasionally useful but will not be considered 
here. 


Replacing barium with a smaller divalent 
cation modifies the transition temperatures. The 
three most commonly used "Curie Point Shifters" 
are Pb**, Sr°*, and Ca?*. Modest amounts of Pb?* 
raise Ty, while sr?* drastically lowers Ty: Ca?* 
has little effect on Tyr but decreases the two 
lower transitions by destabilizing the ortho- 
rhombic and rhombohedral phases. Divalent Pb is 
one of the very few additions which increases the 
Curie temperature; the tetragonal pyramidal 
Coordination favored by Pb** stabilizes the 
tetragonal phase with respect to the adjacent 
cubic and orthorhombic phases. 

A pinching together of the phase transitions 
occurs when titanium is replaced with larger 
tetravalent ions. Typical of this type of 
behavior is the BaTi, .Zr.O, Solid solution series 
used in high-permittivity capacitors. With 
increasing zirconium content, the Curie 
temperature drops while the two lower transitions 
are raised, causing the three transitions to 
converge near x = 0.1 and T, = 50°C. Asa 
consequence the three maxima in the dielectric 
constant merge together to give an immense peak 
of about K = 8000. Similar phase diagrams occur 
in the BaTi, ,Sn,O, and BaTi, ,Hf,0, solid solu- 
tion series. 

Substituting smaller ions for titanium causes 
the perovskite structure to destabilize in favor 
of one of its polytypes. The structures of 
BaMnO,, BaFeO,, BaIrO,, and BaCrO, are hexagonal 
polytypes of the cubic perovskite structures. 

The dielectric constant of these structures is 
too small to be of interest in capacitor 
formulations. 


; 1 i Die] ; 


Domain walls are the chief source of 
dielectric loss for temperatures below T,. Under 
applied electric fields, the domain walls of 
ferroelectric BaTiO, change position, dissipating 


energy. A number of different types of domain 
REGION : REGION REGION 
ga 
eleclitrical 
loss 
REGION I REGION III 
high loss high loss 
caused by caused by 
domain walls A conductnity 
TEMPERATURE 
Fig. 2. Temperature dependence of the electrical 


loss tan 6 of a ferroelectric crystal or ceramic. 
At high temperature the losses are caused by 
conduction while domain wall movements are 
responsible at temperatures below Ty: 
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walls are found in capacitor compositions, and 
each has a different mobility.  Tetragonal BaTiO, 
has 180° walls, and both charged and uncharged 
90° walls. Charged walls are important only in 
low-resistivity BaTiO, where currents can flow, 
neutralizing charge. The 180^ walls are 
generally more mobile than 90° walls because of 
the mechanical strain associated with 90° walls. 

Inhomogeneous capacitor compositions 
Sometimes make use of the "Pinch Effect" in which 
the cubic, tetragonal, orthorhombic and rhombo- 
hedral phases coexist. This means that many 
different types of domain walls are present in 
the ceramic.  Orthorhombic domain walls separate 
regions differing in the orientation of the 
Spontaneous polarization vector by 60°, 90°, 120° 
and 180°. For the rhombohedral phase there are 
70.5°, 109.5', and 180° walls. Wall interactions 
are very complex when more than one type of phase 
is present. 

In general, the electrical loss of ferro- 
electric ceramics display three identifiable 
temperature ranges (Fig. 2). Below T, the losses 
are moderately high and are caused by domain wall 
motion. The magnitude of tan 6 (the ratio of the 
imaginary part of the dielectric constant to the 
real part) increases rapidly with the applied 
field but does not depend strongly on frequency. 

The second temperature--typically 100-200° 
above the Curie temperature--has very low 
dielectric loss. Above T, there are no domains 
to cause dielectric loss, and the temperature is 
too low for appreciable conductivity loss. 

At high temperature, the loss due to 
conductivity becomes important causing tan 6 to 
increase rapidly with temperature.  Conduction 
losses are inversely proportional to the measure- 
ment frequency. 


Cati i Ani v. ; 


Vacancies are far more common than 
interstitials in oxide perovskites. Since the 
perovskite structure is based on close-packed 
layers of oxygen and barium ions, there is very 
little space for interstitial ions to enter the 
structure. 

Vacancy concentration strongly influences 
electrical losses and can be controlled by 
doping. Donor dopants such as La?* (for Ba?*) or 
Nb?* (for Ti^*) Create cation vacancies in BaTiO,, 
although it is not always clear whether the 
vacancies occur in the barium or the titanium 
Site. In earlier studies of semiconducting 
BaTiO,, it was generally assumed that donor 
dopants were partly compensated by electronic 
defects (Ti?' for Titty, and partly by barium 
vacancies, but recent work suggests that titanium 
defects are also important at heavy doping 
levels. 

Acceptor dopants such as K' (for Ba?*) or Fe?* 
(for Ti^*) create oxygen vacancies in BaTiO,: 

(Ba, ,K,) Ti (04 ,/, [1,/5) or Ba(Ti, ,Fe,) (0 
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Oxygen vacancies exert a much stronger influence on 
dielectric loss than do barium or titanium 
vacancies. 


in Wall Pinni 


The way in which oxygen vacancies affect tan 6 
depends on temperature and the dominant loss 
mechanism (Fig. 2). Below T, where domain wall 
losses predominate, oxygen vacancies lower tan 6 
Substantially, improving the capacitor. 

Lanthanum additions raise the dissipation factor 
while acceptor dopants such as Fe?*, Cr?*, or Mn?* 
lower it. 

The explanation of why acceptor and donor 
dopants affect tan ð differently involves the 
pinning of domain walls.  Donor-doped perovskite 
ferroelectrics have lossy hysteresis loops and 
considerable domain wall motion whereas acceptor 
perovskites do not. 

Several mechanisms for domain wall pinning by 
oxygen vacancies have been proposed: (1) 
Associated oxygen vacancies and dopant ions form 
electric dipole moments which align with the 
Spontaneous polarization creating an internal 
bias field. (2) The oxygen vacancies diffuse to 
domain walls, locking them in position. (3) 
Defects in the grain boundary regions adjust in 
position to compensate local polarization 
Charges, again stabilizing the domain 
configuration and pinning domain walls. 

The reason why domain walls are pinned more 
effectively in acceptor perovskites can be seen 
from interatomic distances. Oxygen vacancies 
diffuse much faster than cation vaCancies because 
of the proximity of oxygen sites. The distance 
between neighboring oxygens is only 2.8À compared 
to 4À for the shortest Ti-Ti or Ba-Ba separation. 

Defect dipoles in acceptor-doped BaTiO, 
consisting of paired iron atoms and oxygen 
vacancies realign more easily than do the corres- 
ponding point dipoles in donor-doped ceramics. 
Thus the defect dipoles in acceptor-doped BaTiO, 
align with the spontaneous polarization of the 
domain structure to pin domain walls, thereby 
lowering the dissipation factor in the low 
temperature region below To 


-onducti i Decradati 


Oxygen vacancies are also important in the 
high temperature region where conduction losses 
dominate (Fig. 2). The rapid increase of 
dissipation factor with temperature is caused by 
free carrier conductivity, and the concentration 
of carriers depends on doping level. 

Based on a number of experiments, the 
following picture has been developed for the DC 
degradation process in barium titanate ceramics. 
Polycrystalline titanates are appreciably reduced 
at the temperatures (~1300°C) required to sinter 
ceramic Capacitors. On cooling, rapid reoxida- 
tion takes place above 1100'C but effectively 
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Fig. 3. (a) Binary phase diagram for the lead 
zirconate-lead titanate ceramics used as trans- 
ducers. (b) Large electromechanical coupling 
coefficients are obtained for poled PZT ceramics 
near the morphotropic phase boundary. 


stops at temperatures below 600'C. Asa 
consequence the grain boundary regions are well 
oxidized, but the interior of each grain remains 
oxygen deficient. Oxygen vacancies carry an 
effective charge of 42e, which is compensated by 
3d electrons belonging to the titanium atoms. 

Two Ti?' ions form for every oxygen vacancy. At 
low tempera- tures, the oxygen vacancies and Ti?* 
ions are bound by a weak attractive force with a 
coulomb energy of 0.1 to 0.2 eV, sufficiently 
large that only a few defect pairs are separated. 
Electrons associated with the unattached Ti?* 
ions are responsible for conduction by means of a 
narrow 3d conduction band. Alternatively, the 
conduc- tion process can be described as electron 
hopping between titanium ions: Ti?* e> Tift + 
e`. Unattached oxygen vacancies also contribute 
to the conductivity but their mobility is much 
smaller than that of electrons. Over long 
periods of time, the vacancies migrate across the 
Sample under DC fields to degrade the capacitor. 
To prevent degradation it is necessary to control 
vacancy migration. This is unfortunate because 
the oxygen vacancies required to lower domain 
wall losses enhance the high temperature 
conductivity losses. 


he Magic Additi 


Trivalent manganese plays an important role 
in many capacitor compositions by controlling 
both domain and degradation losses. Mn? ions 
attach strongly to oxygen vacancies because of 
the Jahn-Teller effect. This prevents migration 
and degradation but allows the defect dipole 
reorientation so crucial to the prevention of 
domain wall losses. 

The strong pairing of Mn?* with oxygen 
vacancies can be seen in CaMn(O, ;[1,,5), a defect 
perovskite in which each Mn?* ion is bonded to 
five oxygens in the form of a tetragonal pyramid. 
This unusual coordination is achieved by removing 
one oxygen from each octahedron of the ideal 
perovskite structure.  Mn?* has the 3d’ electron 
configuration and is widely known as a Jahn- 
Teller ion. By adopting a large tetragonal 
distortion its single e, electron achieves a 
lower crystal field energy. 


Piezoelectric Transducers 


Piezoelectric transducers convert mechanical 
energy to electrical energy (the direct piezo- 
electric effect), or electrical energy to 
mechanical energy (the converse piezoelectric 
effect). Ferroelectric ceramics of lead 
zirconate titanate (PZT) become strongly piezo- 
electric when electrically poled.  Poling is 
Carried out under intense DC fields at tempera- 
tures just below the ferroelectric Curie 
temperature where the domains are most easily 
aligned. 

Morphotropic Phase Boundary 

The phase diagram of the PbZrO,-PDTiO, system 
is shown in Fig. 3. A complete solid solution 
forms at high temperature with Zr and Ti randomly 
distributed over the octahedral sites of the 
cubic perovskite structure. On cooling, the 
Structure undergoes a displacive phase 
transformation into a distorted polar phase. 
Titanium-rich compositions favor a tetragonal 
modification with a sizeable elongation along 
<001> and a large spontaneous polarization in the 
Same direction. There are six equivalent domain 
states with P. along the [100], [100], [010], 
[010], [001] and [001] directions of the cubic 
paraelectric state. A rhombohedral ferroelectric 
state is favored for zirconium-rich compositions. 
Here the distortions and polarization are along 
X111» body diagonal directions, giving rise to. 
eight domain states: [111], [111], [111], [111], 
[111], [111], [111], and [111]. 

The compositions which pole best lie near the 
morphotropic phase boundary between the rhombo- 
hedral and tetragonal ferroelectric phases. For 
these compositions near Pb (Zro «Tig 5)03 there are 
fourteen possible poling directions coexisting 
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over a very wide temperature range. Extensive 
domain wall motion takes place during the poling 
operation at high temperature and a highly polar 
configuration is frozen into the PZT ceramic at 
room temperature. This explains why the 
piezoelectric coefficients are largest near the 
morphotropic phase boundary (Fig. 3b). 

Morphotropic boundaries are relatively common 
in Pb-based perovskites, more so than in other 
perovskite phase diagrams. In solid solutions 
based on BaTiO., a different sequence of phase 
transformations appears. On cooling from high 
temperatures the cubic phase undergoes trans- 
formations to tetragonal, orthorhombic, and 
rhombohedral symmetries with polar vectors along 
<100>, <110>, and <111> respectively. The inter- 
vening orthorhombic phase makes it possible for 
the <100> polar vector of the tetragonal phase to 
swing to the <111> direction of the rhombohedral 
phase. Thus there is no vertical morphotropic 
phase boundary in BaTiO,-based ceramics. 

It appears that morphotropic boundaries occur 
in PbTiO4-based systems because of the suppres- 
sion of the orthorhombic phase. The Pbĉt ion 
plays a major role in the suppression because of 
its lone-pair 6s? electron configuration which 
favors the type of pyramidal bonding found in the 
polymorphic PbO structures. In the tetragonal 
and rhombohedral perovskites, such bonding is 
readily accommodated in the form of tetragonal 
and trigonal pyramidal coordination, but not in 
the orthorhombic phase. Here the Pb?* ion is 
forced to move in a [110] direction directly 
toward a neighboring oxygen, an extremely 
unfavorable distortion. As a result, the 
orthorhombic phase is destabilized, and it 
becomes very difficult for the tetragonal phase 
to transform to the rhombohedral form. 


; ae ; zT 


Poled ceramic transducers have conical 
symmetry (point group eem), the symmetry of a 
polar vector. The physical properties are 
described by matrix coefficients referred to a 
set of property axes Xj; X2), XQ. By convention, 
the x, axis is chosen along the polar axis with 
the orthogonal x, and x, axes perpendicular to 
XQ. 

The piezoelectric coefficients relate 
electric polarization to mechanical stress. Pi; 
Po, and P4 are the components of the stress- 
induced polarization along X}; x,, and x}. In 
matrix notation, stress components O,, O,, and ©} 
are applied tensile stresses along Xj, Xj, and 
x,. Shear stresses about x,, x,, and x, are 
designated G,, Os, and G,, respectively. 

For poled ceramics conical symmetry dictates 
that all piezoelectric coefficients are zero 
except d, = d4?,, d}; and dij = d,,. The direct 
piezoelectric effect can therefore be described 
by the following matrix expression: 
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Multiplying out, 


P. = 44,95 
P3 = d49, 
P, = d}; (6,405) + d449,- 


Thus polarization charges along x, can only be 
generated by shear stresses about x5. For a 
hydrostatic pressure p, 0,-0,-0,--p, and G,-0,-0, 
=0. The resulting piezoelectric polarization 
appears along x,: P} = - (204 *d44) p. 

Molecular mechanisms for piezoelectric 
coefficients das; dai and dis are pictured and 
explained in Fig. 4. For PZT compositions near 
the morphotropic phase boundary, d,, = 400 pC/N, 
d} € -170, and d}; = 500. 


Hard and Soft PZT Ceramics 


The magnitudes of the piezoelectric coeffi- 
cients depend markedly on dopants and defect 
Structure because of their influence on domain 
wall motion. This in turn controls the nature of 
the hystersis loop in the ferroelectric ceramic. 
Hard PZT ceramics are analogous to permanent 
magnets, while soft PZT has a high permittivity 
analogous to the high permeability of the soft 
magnetic materials used in transformers. 

Donor ions create Pb vacancies in the PZT 
Structure. As an example, when Nb?* is 
substituted for Ti”, vacancies in the lead-site 
result: 

(Pbi 72 B x/2! (Ti, y y2r Nb) 93 : 
As in BaTiO,, donor doping is not effective in 
pinning domain walls.  Pinning is believed to 
result from the alignment of defect dipoles with 
the spontaneous polarization within a domain. 
The defect dipoles are formed from negatively 
Charged Pb-vacancies paired with Nb?* dopant 
ions. Since the defect dipoles are formed at 
high temperature, the dipoles are not aligned 
with P, initially because the spontaneous 
polarization is zero in the cubic paraelectric 
State. Alignment can only take place below the 
Curie temperature (about 350'C for PZT) where the 
diffusion rates for Nb?! ions and Pb-vacancies 
are very low. Such is the case for donor-doped 
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Fig. 4. (a) Electromechanical coupling in PZT 
ceramics can be illustrated with the tetragonal 
structure of PbTiO}. The acentric perovskite 
unit cell belongs to point group 4mm with the 
titanium ion displaced from the center of the 
cell. (b) When a tensile stress 6, is applied 
parallel to X3; the Ti** ion moves further 
off-center, creating a positive polarization in 
the same direction: P4 = d440,. (c) If the 
stress is applied along X,, the dipole moment of 
the unit cell is diminished, and a negative 
polarization appears. Hence d4, is negative 


while d33 is positive. (d) For a shear stress 
about x,, the dipole moment is tipped, producing 
polarization in the x, direction: P, = d,,6,. 


PZT, a soft PZT in which domain wall motion 
contributes to the dielectric and piezoelectric 
coefficients. 

Soft PZT transducers are used as hydrophones 
and ultrasonic detectors where high sensitivity 
to weak pressure signals is needed. Adversely, 
however, soft PZT ceramics are easily depoled by 
large electric fields or mechanical stresses 
because the domain walls are not pinned. For 
this reason, hard PZT is used for sonar 
transmitters and spark generators. 

Acceptor doping with lower valent ions such 
as KT for pb?*, or Fe?* for Ti^', is employed to 
produce hard PZT. Oxygen vacancies are generated 
by acceptor doping. Domain walls are pinned in 
hard PZT because the defect dipoles are able to 
align in directions dictated by the domain 
Structure. As pointed out earlier, oxygen sites 
are only 2.8À apart in the perovskite structure, 
making it easy to move oxygen vacancies and 
realign defect dipoles. Because of the pinning, 


hard PZT transducers are difficult to pole, and 
even more difficult to depole. 


PTC Thermistors 


A thermistor is a temperature-dependent 
resistor, and a PIC thermistor has a positive 
temperature coefficient of resistance. Most 
commercial PTC thermistors are made from lightly 
doped BaTiO, ceramics. The resistance of PTC 
barium titanate shows a rapid increase of several 
orders of magnitude near the ferroelectric phase 
transition of 130°C. 

When lightly doped with donor ions such as 
La?* (for Ba?*) or Nb?* (for Ti^*) the room- 
temperature resistivity of BaTiO} decreases 
sharply (Fig. 5a). If sintered and cooled in air 
(or oxygen) this low resistivity ceramic shows a 
pronounced PTC effect (Fig. 5b). Single crystals 
prepared in this way to not show a PTC anomaly, 
nor do ceramics prepared in a reducing 
atmosphere. 


cond i Mechani 


Based on these observations it is apparent 
that grain boundaries, the oxidizing atmosphere, 
donor dopants, and the ferroelectric phase 
transformation all play a role in the PTC effect, 
making it an extremely complex phenomenon. 
Explanation of the PTC effect rests upon under- 


standing the electronic defect structure. When 
sintered at high temperatures (-1300'C), 
lanthanum-doped BaTiO, becomes an n-type 
semiconductor: 
2+ 3+ Aha as rides -3 
(Ba, ,La, ) (TiTi, )O, for x ~ 10”. 
19° 10° 
E E 0.05 % 
108 
Ba, x Ce, Ti O. 0.1% 
$ 1-X v*X 3 
g 10 Ba.«Ce,n0, > 10° 
- > 
= 4 2 
2 0 E 
5 a 
[7 
o 102 ul 
uü & 
= 


l 
O 02 04 06 08 10 
CERIUM CONTENT (at %) 


40 80 120 160 
TEMPERATURE (°C) 


Fig. 5. (a) Room-temperature resistivity of 
cerium-doped barium titanate ceramics, 

(Ba, ,Ce,) T40,, plotted as a function of 
composition x. (b) Resistivity of a 
lanthanum-doped BaTiO, ceramic measured as a 
function of temperature. A large PTC anomaly is 
observed near the Curie temperature. 
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[Higher doping levels introduce some of the ionic 
defects described earlier, with an accompanying 
increase in resistivity (Fig. 5a)]. Conduction 
in lightly doped BaTiO4 takes place via transfer 
of electrons between titanium ions: Tift + e^ 
€ Ti^. Thus the barium titanate grains in the 
n-type ceramic are conducting, and remain 


conducting on cooling to room temperature. 
arai i ‘ 


But the grain boundary regions change 
dramatically during cooling. Oxygen is adsorbed 
on the surface of the ceramic and diffuses 
rapidly to grain boundary sites, altering the 
electronic defect structure along the grain 
boundaries. The added oxygen ions attract 
electrons from nearby Ti?* ions, thereby reducing 
the conductivity and creating an insulating 
barrier between grains. If y excess oxygens are 
added per formula unit the grain boundary region 
can be described as follows: 


34 44 34 2- 


2+ 
(Ba, ,La, (Thy xay Ti, 2,303, - 


As a result of this process the ceramic 
consists of semiconducting grains separated by 
thin insulating grain boundaries (Schottky 
barriers). The electrical resistance of the 
ceramic is inversely proportional to the grain 
Size because there are more grain boundaries per 
unit thickness in fine-grained ceramics, and 
therefore higher resistance. 


T £ 1 Cis 


To explain the PTC effect, it is necessary to 
consider the ferroelectric phase transition and 
its effect on the insulating barriers between 
grains. Barium titanate is cubic and para- 
electric above 130'C, the Curie temperature of 
pure BaTiO,. Below this temperature the 
perovskite structure distorts to a tetragonal 
ferroelectric state in which a large spontaneous 
polarization Ps develops on the (001) faces of 


each domain. The dielectric constant reaches a 
maximum at T. and then falls off in the high- 
temperature paraelectric state following a 
Curie-Weiss law: 


for T greater than T,. The Curie constant C is 
about 10?'C. 

The PTC anomaly in doped BaTiO, occurs at 
temperatures near T, and is strongly affected by 
the appearance of ferroelectricity. Both the 
Spontaneous polarization and the Curie-Weiss law 


play important roles in the PTC effect. 
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PIC Anomaly in BaTio, 


At room temperature the resistance of the PTC 
thermistor is low because the electron charge 
trapped in grain boundary regions is partly 
neutralized by spontaneous polarization charges. 
Wherever the domain structure is advantageously 
positioned, positive polarization charge will 
cancel the negatively charged barriers between 
conducting grains, thereby short-circuiting the 
Schottky barriers and establishing low resistance 
paths across the ceramic. 

Above T, the spontaneous polarization 
disappears and the resistivity increases giving 
rise to the PTC effect. At first the increase is 
very slow because of the high dielectric constant 
of the Curie point. The barrier height is 
inversely proportional to the dielectric constant 
of the surrounding medium; a highly polarizable 
medium shields the charges trapped at the grain 
boundary, reducing the height of the barrier and 
lowering its electric resistance. As the 
temperature increases further above Tor the 
dielectric constant K decreases rapidly in 
accordance with the Curie-Weiss law. The 
reduction in K causes the Schottky barrier 
between grains to increase resulting in a large 
increase in resistance of several orders of 
magnitude. Eventually the decrease in K with 
temperature slows down and the resistance levels 
off until at high temperature the normal NTC 
effect of the semiconducting grains takes over. 


hermi applicati 


PTC thermistors are used as protection 
against current surges, temperature rises, and 
Short circuits. When connected in series with 
the load, a PTC thermistor limits the current to 
safe levels. A surge in current causes the 
temperature of the thermistor to rise into the 
PTC range, thereby raising the resistance and 
reducing the current and protecting the load. A 
sudden loss of resistance or a sudden increase in 
ambient temperature has a similar effect on the 
thermistor. Two major markets are the electric 
Choke and honeycomb heater used to reduce noxious 
emissions in automobiles. 


Further Reading 


Two recent books by John Herbert provide an 
in-depth study of the composition, physical 
properties, and manufacture of ceramic capacitors 
and transducers. Excellent literature surveys 
are included in the texts. Another new book, 
"Ceramic Materials for Electronics," edited by 
Relva Buchanan contains authoritative articles on 
PTC thermistors, piezoceramics, and multilayer 
Capacitors. The most recent meeting on ferro- 
electrics is ISAF '86 and the Proceedings provide 
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DEFECT EQUILIBRIA IN PEROVSKITE OXIDES 


D. M. Smyth 


Materials Research Center, Lehigh University 


Abstract. The basic features of the 
perovskite structure, for which the ideal 
composition is ABO., can persist over a wide 
range of compositional variation. Thus 
compositions over the entire range A B,0 to 
A,B,O., may retain lavers of various tnickness 
having the perovskite structure, separated by 
layers of oxygen-deficiency or oxygen-excess. 
Similar structures have been observed in 
compositions that are AO-rich. The evolution 
of such structures from the ideal perovskite 
as a result of aliovalent doping or of 
oxidation-reduction reactions is reviewed. 


Introduction 


The general pattern of the perovskite 
structure is extremely tenacious and it 
persists over a wide range of cation 
substitutions, both isovalent and aliovalent, 
and over a wide range of nonmetal activities. 
Actually, the response to aliovalent doping 
and to oxidation-reduction are linked, since 
reduction, the loss of oxygen from an oxide, 
reduces the average formal oxidation state of 
the cations, and is thus equivalent to 
substitution of a lower-valent cation for one 
of the host cations. In addition, the extent 
of nonstoichiometry achieved by changes in the 
equilibrium oxygen activity depends very 
strongly on the chemical nature of the cations 
present. In order for an oxide to undergo 
extensive reduction, for example, it must 
contain a cation that is easily reduced. For 
modest deviations from the ideal perovskite 
composition, the oxides typically respond by 
the formation of lattice defects distributed 
randomly throughout the perovskite matrix. 

For large deviations, on the other hand, the 
defects may order into a superstructure that 
maintains major elements of the perovskite 
structure. This paper will review the ways in 
which perovskite oxides accommodate aliovalent 
substitutions, and how this affects their 
oxidation-reduction behavior. 
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The Compositional Line 


It is customary to represent the perovskite 
oxides by the generic formula ABO,, where A 
is usually considerably larger than B. It is 
then convenient to organize compositions along 
a compositional line that is described by the 
O/A ratio, as shown in Figure 1 [Smyth, 1985]. 
For convenience, we will use the specific case 
of SrTiO, as an example. 


Acceptor-Doping or Reduction 


Reduction of perovskite oxides results in 
the subtractive loss of oxygen and the 
creation of oxygen vacancies. 

O zx 1/20, + V" + 2e^ (1) 

o 2 o 
The defect notation is that of Kroger and Vink 
[1956] where the main symbol identifies the 
species, the subscript indicates the lattice 
site on which it is located, and the 
superscript represents the resulting 
difference in charge relative to the ideal 
lattice, with dots indicating extra positive 
charges (or missing negative charges) and 
slashes extra negative charges (or missing 


Srg Fe20s 


Sr4FeoTiOg Srs TagTiO,z 
SraFez2Ti20, SrgTaa4Ti2029 
2.5 2.67 275 3.0 3.33 3.4 3.5 
AnBnOsn-, 0/Sr—- AmBmOamez2 


Fig. 1. The perovskite-related compositional 
line from A,B,.O, to A,B 07; showing 
potentially ordered compositions. 
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positive charges). In this reaction neutral 
oxygen leaves the crystal, leaving the vacant 
oxygen site and the two electrons with which 
the atom had been combined in the form of an 
oxide ion. In the case of modestly reducible 
cations, such as Ti, Zr, or Ta, the oxygen 
loss can reach the percent level in 
equilibrium with CO/CO, mixtures, for example, 
and can be treated by standard dilute solution 
thermodynamics through the mass-action 
expression for the reduction reaction 

1/2 


-K (2) 


dA 
[V7 ]n^P (0,) 

where Ka is the mass-action constant and 
contains the enthalpy of the reduction 
reaction, brackets denote the activity of the 
enclosed species, n-[e^], and P(0,) is the 
oxygen activity in the gas phase. 

Substitutional lower-valent cations, 
frequently called acceptor impurities, ąlso 
re ylt in oxygen vacancies. Thus Fe or 
Al can be accommodated on Ti-sites according 
to the reaction 


2BaO + A10, 2Ba,. t 2Alt: + 505 + v (3) 
For the addition of small amounts of acceptor 
impurities, these vacancies are randomly 
distributed and interact with the reduction 
reaction through Equation (2). Cation 
diffusion is very much restricted in the 
perovskite structure, so once the impurity 
cation is incorporated into the structure 
during the formation of the material, it 
remains fixed in place. 

For large concentrations of acceptor 
impurities, the oxygen vacancies may become 
ordered, thus forming new structures. This 
has been observed in the Ca-Ti-Fe-0 system, 
for example, where a series of structures 
corresponding to the generic formula A B O 
have been identified  [Grenier, et al.’ nom 
1976], e.g. Ca,Fe,Ti,0,,, Ca,Fe,TiO,, and 
Ca,Fe,0_,. In the cofrégponding’Sr 

2 2 
compositions, an ordered structure has been 
observed only in the endmember Sr,Fe,O,. This 
member has the brownmillerite strücture, which 
is shown in Figure 2. This consists of 
two-dimensional layers of the perovskite 
structure, one unit cell thick, separated by 
layers in which the oxygen deficiency relative 
to the ideal perovskite composition is ordered 
in lines so that the small cations in this 
layer are 4á-coordinate in tetrahedral 
symmetry. In successive members of the series 
i.e. for n»2 the perovskite layers become 
stepwise thicker, such that they are n-l unit 
cells thick. This is a striking example of 
the retention of as much of the perovskite 
structure as possible even when the 
composition is far from the ideal ABO,. 

The brownmillerite-perovskite structural 
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Fig. 2. The brownmillerite structure. Un- 
occupied oxygen sites relative to the 
perovskite structure shown as X in ordered 
rows. 


sequence just described was originally studied 
in highly acceptorjdoped materials, i.e. 
substitution of Fe for Ti . However, since 
the ratio of large cations to small cations 
remains fixed at unity throughout the series, 
in principle related compositions can also be 
obtained by oxidation-reduction reactions. In 
a study of Sr,Fe Ons it has been shown that 
the stoichiometríc composition is in 
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equilibrium with 107+? atm of oxygen at 


1000°C, and that at 950°C in l atm of oxygen, 
the composition, Sr,Fe,0 ; is very close to 
that of the next member of the homologous 
series: Sr,Fe,0, = Sr,Fe,O [Chang, E. K., 
Lehigh University; ungubtižħgd]. In the 
range 700-800?C in pure oxygen, the 
composition will be close to Sr,Fe O,,. Thes¢ 
: ; ll 
compositions can be viewed as mixtures of Fe 


an Fe* » analogous to mixtures of Fe* and 

Ti . In the reduction sense that we are 
equating to the substitution of acceptor 
impurities, these compositions are derived by 
reduction of SrFeO,. Equilibrium conductivity 
data indicate that the compositions are best 
viewed as Sr Fe,0 pe and that for x>0, they 
are oxygen-excess versions of the 
stoichiometric Sr Fe,0 . These are obtained 
by the oxidation reaction 


qw 
VI + 1/20, & OF + 2h (4) 
where V. is a vacant oxygen site relative to 
the perovskite structure, but in the ordered 
Sr,Fe,0_, they are interstitial sites that 
become partially filled by oxidation. The 
neutral oxygen atoms that enter these sites 
pick up electrons from the valence band to 
become oxide ions, and the resulting hole 
species contribute to a p-type conductivity 
that increases with increasing oxygen 
pressure. 


Donor-Doping or Oxidation 


Excess oxygen is not likely to occur in a 
pure perovskite phase because the energy 
required to form interstitial oxygen, or 
cation vacancies of both types, is 
prohibitive. The common observation that 
important electronic ceramics having the 
perovskite structure are oxygen-excess, p-type 
insulators is related to the naturally- 
occurring impurity content. The most abundant 
impurities have smaller charges than,the 
cation, they replace, e.g. Na and K for Ba 
and Fe and Al for Ti in BaTiO, [Chan et 
al., 1981]. They are thus acceptor impurities 
and are compensated by oxygen vacancies as 
shown in Eq. (3). These oxygen vacancies can 
then be filled by a stoichiometric excess of 
oxygen until the oxygen sublattice is 
saturated 


LE + 1/20, == 0 + 2h (5) 


The holes are trapped out by the acceptor 
centers at ambient temperatures to give the 
familiar insulating behavior that is essential 
for most electronic applications. 

The substitution of a donor impurity, such 


as Nb40, substituted for Tio, in SrTiO,» 
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represents an attempt to bring a 
stoichiometric excess of oxygen into the 
lattice. This may not be tolerated, in which 
case the extra oxygen is expelled, leaving 
behind electrons that contribute to n-type 
conductivity. 


2Ba0 + Nb,O 


2 > 2Bap + 2Nb. + 


5 
60, + 1/20, + 2e (6) 


For large impurity concentrations, the 
extra oxygen is usually retained, and the 
impurity charge is compensated by cation 
vacancies. In the case of BaTiO,, the 
compensating defect has been shown to be the 
Ti-vacancy, and may result in the separation 
of a Ti-rich phase [Chan et al., 1986]. 


5Ba0 + 2Nb,0, + Tip; + 20, > 5Bap, + 


4Nb.,, + V"" 4 150 + TiO 
Ti o 


Ti (7) 


2 


In the case of SrTiO,, it appears that 
Sr-vacancies are the compensating defects. 

When large fractions of the B cations are 
replaced by donor impurities, the system may 
eliminate the defects by forming a 
superlattice that retains layers of the 
perovskite structure separated by oxygen-rich 
layers, as shown in Figure 3. The structures 
correspond to the homologous series of 
compositions Sr Nb, Ti ~4°3n42? with nea, in 
the case of Phe Sr-Nb-Ti-O 
system. The two-dimensional perovskite slabs 
are n unit cells thick, and are separated by 
layers that contain the excess oxygen. 

Since the A/B ratio is unity for all of 
these structures, it is again possible in 
principle to obtain them by oxidation- 
reduction reactions. Since it is not possible 
to oxidize a compound such as SrTiO, to 
oxygen-excess compositions, it is best to view 
the process as reduction of Sr Nb,O . Ina 
recent study of the oxiducion-redüc ion 
equilibria in this material, it was found that 
reduction resulted in an intergrowth of the 
n = 4 and n = 5 members of the homologous 
series [Liu, D. H., Lehigh University, 
unpublished]. As oxygen is removed by 
reduction, there is less need for oxygen-rich 
layers and there is the appearance of 
perovskite slabs five unit cells thick 
dispersed in the matrix of slabs four unit 
cells thick. The response of the system is 
structural rather than by the formation of 
point defects. As in the case of the 
acceptor-doped materials, this demonstrates a 
strong tendency to order the structures to 
retain as much as possible of the perovskite 
pattern. 
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separated by layers of excess AO in the NaCl 
structure, m layers thick. 


Mg5i0, 
Of particular interest to geophysicists, 
MgSiO,, a major component of the earth's 
mantle, is squeezed into a slightly distorted 
perovskite structure under the temperature- 
pressure conditions of the mantle. Under more 
normal conditions, Mg is much too small to 
occupy the 12-coordinate A-site in the 
perovskite structure, and in such normal 


le pe Xe X e 


le | 
X 
je | 


eQ 


X 
je 
DX 


ZN 


perovskite nz4 nz5 


ia ibi (C! 


Fig. 3. The structure of members of the P 
ABO homologous series with n = 4, 5, and 

nn pt2 4 

9, The Structures can be derived by a 

splitting of the perovskite structure into 

two-dimensional blocks, with extra oxygen ter- 

minating the separated corners. 


GL O 


I" 


Excess AO 


Thirty years ago, Ruddlesden and Popper 
described a series of structures in the 
Sr-Ti-O system that corresponded to 
compositions having the generic formula 
SrO-nSrTiO, [Ruddlesden and Popper, 1958]. 
The structures consist of two-dimensional 
perovskite slabs, n unit cells thick, 
separated by single layers of excess AO ina 
NaCl structural sequence. The structure of P 
the member with n = 2, Sr Ti,0 » is shown in 
Figure 4. Interest in thése B rdctüren has 
picked up recently, because they are very 
closely related to the structures of the newly 
discovered high temperature superconductors. 
It has been shown that all of the high 
temperature superconducting oxides discovered 
to date can be described in terms of an 
expanded Ruddlesden and Popper series with the 
generic formula mAO*nABO,, [Smyth, 1988]. The Fig. 4. The structure of Sr,Ti,0O,, the member 
structures have two dimeüsional slabs of the of the Ruddlesden-Popper series, Exo 
perovskite structure, n unit cells thick, with n = 2. 
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perovskites as BaTiO, and SrTiO,, Mg t 
preferentially substitutes for Ti on the 
B-sites. MgTiO, itself has the ilmenite 
structure where both cations are octahedrally 
coordinated in a hexagonally-close-packed 
oxygen array. 

The defect chemistry of MgS10, in the 
perovskite structure can be expected to foll y 
the usual perovskite pattern. Insofar as Si 
can be considered to be a reducible cation, 
MgSiO, should lose oxygen at low oxygen 
activities with the formation of oxygen 
vacancies and n-type conductivity [see 
Eq.(1)]. It should achieve a stoichiometric 
excess of oxygen and p-type conductivity at 
high oxygen activities only when acceptor- 
doped so that compensating oxygen vacancies 
are available for the accommodation of excess 
oxygen [see Eqs. (3) and (5)]. Excess MgO may 


be easily accommodated by the structure 
because of the ease with which Mg can fit 
into the octahedral B-sites 
p " + + ^ 
2Mg0 —» ME, + Mgt 20, Vo (8) 


No comparable reaction for excess SiO, is to 
be expected because Si is never found in 
12-coordinated sites; however, excess SiO, may 
be possible with the formation of Mg vacancies 


Sio, —> Vig + Sisi + 20, + Y (9) 

In the complex composition of the earth's 
mantle, the MgSiO, phase is more accurately 
described as (Mg Fe )Si0O,, where the Fe is 
the maj Qa? ls : f i i 

jor componenf o e group of impurities 

that include Ni, Co, etc. It has been 
suggested that in the mantle, the Fe may 
largely reside on the B-sites, and this woul 
not be surprising given the propensity of Fe 
for octahedral coordination [Jeanloz, et al., 
1988]. The movement of the Fe to the B-sites 
can be compensated by an uptake of Mg from 
the coexisting magnesio-wustite phase in the 
mantle 


-Fe => + i 
Feng + 2MgO[(Mg-Fe)0] Myg Feo} + 


20 +V (10) 
o o 
If this is the case, the mineral should show 
an excess of Mg+Fe over Si, i.e. (Mg+Fe)/Si>l. 
The material also becomes acceptor-doped by 


this transfer of the lower valent cation to 
the B-site. 


Summary 


For large deviations from stoichiometry in 
perovskite-based systems, there is a strong 
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tendency to confine the nonstoichiometry to 
single, ordered layers that separate layers 
that retain the perovskite structure. As 
discussed, this may involve oxygen-deficiency, 
oxygen-excess, or an excess of AO. The 
responses are linked for all of these cases, 
since the common feature of the ordered 
structures is the two-dimensional slab of 
perovskite structure of variable thickness. 
This behavior is a demonstration of the high 
degree of energetic stability characteristic 
of the perovskite pattern. The systems try 
to retain as much of this pattern as possible, 
even when the composition deviates grossly 
from the ideal. 
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LOW TEMPERATURE SYNTHESIS OF OXYGEN DEFICIENT PEROVSKITES 


John B. Wiley and Kenneth R. Poeppelmeier 
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Abstract.  Isopiestic and thermal gradient 
techniques have been used to study oxygen 
nonstoichiometry in polycrystalline CaMn03, 
Ca9MnO; and single crystals of CaMnO3. The 
topotactic nature of oxygen depletion and 
reoxidation that occurs at temperatures below 
700?C in these manganese perovskites has been a 
particular focus. 


Introduction 


Oxygen deficient forms of perovskite (ABO3.,) 
and perovskite-related (A0:n(ABO3.,); 
n-1,2,3,...9) compounds can show a variety of 
structural and electronic properties. The 
importance of such compounds has most recently 
been made evident by the 90K superconductor, 
YBa2Cu307.&4. As the oxygen content of this 
compound varies from x=0 to x-l structural 
changes are accompanied by a decrease in the 
transition temperature, T,, until 
superconductivity is no longer observed 
[Gallagher et al., 1987]. Since the variation 
in such properties is dependent on the 
material's oxygen content, the study of this 
phenomenon could be expedited by a method that 
can conveniently synthesize phases of 
intermediate stoichiometry. 

Oxygen deficient perovskites are generally 
prepared by reduction at high temperature in air 
or with a buffered gas mixture. The dependence 
of these methods on the oxygen partial pressure 
makes it difficult to prepare compounds of a 
selected stoichiometry without prior knowledge 
of the equilibrium p09. An isopiestic method, 
however, can be used for the synthesis of 
intermediate phases without exact knowledge of 
the equilibrium partial pressure. 

With the technique used in this work, 
zirconium metal is used as an oxygen scavenger. 
In an evacuated system at elevated temperatures, 
the oxygen released from mixed metal oxides 
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irreversibly reacts with zirconium metal to form 
ZrO9. If the amount of zirconium is strictly 
controlled then an oxygen deficient phase of 
desired stoichiometry is readily prepared. 

In general the structures of oxygen deficient 
perovskites have been determined from 
polycrystalline samples. The availability of 
single crystals would make structure 
determination, and other physical measurements 
easier. Attempts to topotactically reduce single 
crystal with this isopiestic method are 
described in this paper. 


Experimental 


Sample Preparation 


Polycrystalline oxides.  Polycrystalline 
CaMn03 and Caj9MnO, were prepared by the 


decomposition of carbonate precursors [Horowitz 
and Longo, 1978]. Solid solution precursors 
were precipitated from aqueous solutions of 
calcium and manganese nitrate. The solutions of 
calcium and manganese nitrate were prepared by 
dissolving CaCO4 in dilute nitric acid and 
combining it with Mn(NO3)9 solution 
(Mallinkrodt, 50$ W/W). The CaCO3 was reagent 
grade and thermogravimetric analysis showed the 
sample to be > 99.9% CaCO3. Reagent grade MnCO3 
was unacceptable because it always was found to 
contain a significant fraction of oxidized 
manganese and other noncarbonate phases. The 
Mallinkrodt Mn(NO3)2 solution was stable with 
respect to oxidation and so proved superior to 
other commercial sources of manganese (II) 
compounds.  Compleximetric titrations with EDTA 
were used to verify the concentration of the 
Mn(NO3)9 solution [West, 1969]. 

Solid solutions Caj.4Mn,CO3 (0.0 x x < 1.0) 
were precipitated by the slow addition of the 
appropriate premixed solution of calcium and 
manganese nitrate to a large excess of 
approximately 2M ammonium carbonate solution 
with good mixing. The off-white precipitates 
were washed with water, dried at 100°C in a 
vacuum oven, and fired in air in an open 


Geophysical Monograph Series 


106 LOW TEMPERATURE SYNTHESIS 


crucible in a preheated furnace at 1000°C for 
two days. It should be noted that the 
manganese(II) in the solid solution carbonates 
is sensitive to oxidation in air. Because 
premature oxidation can lead to a nonequilibrium 
mixture of manganese oxide and calcium-rich 
manganates [Longo et al., 1980], the precursors 
were not exposed to air for prolonged periods. 

Single Crystals.. Crystals of CaMn03 were 
grown in scrupulously dry CaCl2. Water, by 
reacting with molten CaCl to form CaO [Ohsato 
et al., 1980], leads to the growth of undesired 
calcium-rich phases. To prevent this, efforts 
were made to exclude any water from the flux. 
Reagent grade CaCl125-*2H20 was heated past its 
melting point (782°C) under vacuum to form the 
anhydrous salt. This CaCl, along with CaMn03, 
was stored in a dry nitrogen environment. 

The charge consisted of 10 mole% CaMnO3 in 
dry CaCl2 (Aldrich, reagent). Platinum boats, 
sealed into quartz tubes under vacuum (< 107 
torr), were used to contain the mixture. The 
temperature program for crystal growth consisted 
of a soak time of three days at 825°C, a slow 
cool of 1°C per hour to 700°C, and a final, more 
rapid cooling to room temperature. A water wash 
was used to isolate the crystals from the melt. 
The shiny black cube-shaped crystals averaged 
0.15 mm. on a side (See Figure l(a)). 

Isopiestic equilibration. Oxygen deficient 
perovskites were synthesized by reduction with 
zirconium metal.  Stoichiometric amounts of 
mixed metal oxide (ca. 0.5 g) and zirconium 
metal (-20 +60 mesh, Alfa 99.9%) were weighed 
out separately into small quartz vials (7 mm. 
o.d.) on an analytical balance. The vials were 
placed into a 12 mm. o.d. quartz tube (See 
Figure 2) that was then sealed under vacuum 
(«107^ torr). Samples were slowly heated over 
two days to 600°C. A chromel-alumel 
thermocouple was placed within a few millimeters 
of the reaction end of the sealed tube to 
monitor the temperature. Typical reaction times 
were seven days, with the completion of the 
reaction judged by the conversion of the grey, 
coarse grained zirconium metal to a white fine 
powder of Zr09. Oxidation of zirconium was 
observed to occur near 580°C. Samples were 
reweighed after the quartz tubes were opened to 
verify that complete reaction had occurred. 

Single crystals were reduced in a similar 
manner, except, to conserve the number of 
crystals used, a small amount (ca. 0.001g) was 
placed into the sealed tube along with 
polycrystalline mixed metal oxide and the 
zirconium metal. 

Initially all the syntheses were done in an 
isothermal manner at 600°C. This was necessary 
because the zirconium powder used did not 
oxidize until at least 580°C. With some 
compounds an isothermal approach such as this is 
not ideal, i.e. when the thermal stability of 
the product is exceeded. An alternative would 
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be to position the thermally unstable oxide at a 
lower temperature while maintaining the 
zirconium at or above 580°C. This would allow 
the zirconium charge to be at its required 
temperature, while the mixed metal oxide, at a 
lower temperature would avoid thermal 
decomposition. To employ this approach, two 
zone furnaces were used. Typically the 
zirconium metal was heated to 600°C while the 
end of the sealed tube containing the mixed 
metal oxide was kept significantly cooler. To 
determine the minimum temperature required for 
reduction, the temperature of the oxide was 
raised until oxidation of the zirconium became 
discernible. 


Characterization 


X-ray Diffraction. Polycrystalline oxide 
samples were characterized before and after 
reduction by X-ray powder diffraction (XRD). A 
Rigaku Geigerflex diffractometer, equipped with 
Cu radiation and a Ni filter, was used to obtain 
room temperature data in the range 5° x 2@ x 80° 
in increments of 0.029. 

Oscillation photographs of the crystals 
before and after reduction, obtained on a Supper 
Weissenberg camera, were used to observe the 
changes in the single crystals.  CaMnO3 was 
found to be orthorhombic (Pnma) with a - 
5.279(1), b = 7.448(1) and c = 5.264(1) A. 

Thermogravimetric Analysis. 

Thermogravimetric measurements were performed on 
a Du Pont 9900 thermal analysis system. Oxygen 
contents were determined by reduction of the 
mixed metal oxides in dilute hydrogen (8.5% in 
helium). Generally flow rates of 25 mL./min. 
were used. Weight loss was attributed to 
manganese with an oxidation state greater than 
two. Oxygen content of the oxidized (Mn^*) 
compounds were within 1 at.% of the theoretical 
values CaMn03 9 and CajMn0, 0. 

Scanning Electron Microscopy. An Hitachi S- 
570 Scanning Electron Microscope (SEM) was used 
to study the CaMn03 crystals before and after 
reduction. 


Results 


Polycrystalline CaMnO3.,. To determine the 
utility of this method, systems known to contain 
oxygen deficient phases were initially examined. 
The first studied was CaMn03.,, which exhibits 
the unusual feature of reversible oxygenation 
over the range Ox < 0.5 [Poeppelmeier et al. 
1982a]. The end-member (Mn3*) with x = 0.5 and 
intermediate (Mn^* /Mn3*) compositions x - 0.2, 
0.25, and 0.33 have been discussed in the 
literature [Kuroda et al., 1981; Reller et al., 
1984]. Synthetic efforts at 600°C successfully 
yielded CaMn09 5 and CaMn0O9 g as determined by 
TGA and X-ray diffraction (Table I). TGA 
indicated that the two intermediate compositions 
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Figure 1l. 


x — 0.25 and 0.33 contained the correct overall 
oxygen content but X-ray diffraction showed in 
fact the samples were mixtures of CaMnO2 5 and 
CaMn09 g. 

Polycrystalline CajMn0,.,. CagMn03 5 is the 
only known oxygen-deficient compound in the 
Ca9MnO4.« system [Poeppelmeier et al., 1982a, 
Leonowicz et al., 1985]. It could not be 
synthesized at 600°C, XRD revealed that 
unreacted CajMn0, was accompanied by several 
reduction products; CaMn20,, CaMn903, 
Cag.gMng 10 and Cag j15Mng,g50. It is known that 
some oxygen-deficient phases are thermally 
unstable [Poeppelmeier, unpublished work] and 
there are multiple reduction paths (eqns. 1-3). 


4CagMnO, + (Zr) ——> 4Ca9Mn03 5 + (Zr09) (1) 
2CagMn03 5 ——> 3CaO + CaMn204 (2) 
2CaMn70, + (Zr) ———» 2CaMn903 + (Zr09) (3) 


The formation of Cag gMng 10 and 
Cag.15Mng_g50 is probably due to a miscibility 
gap in the CaO-MnO solid solution [Poeppelmeier 
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Fig. 1b 


SEM photograph of a) CaMnO3 single crystal b) reduced single crystal. 


et al., 1986]. This collection of compounds is 
clearly a non-equilibrium mixture. 

In an attempt to alleviate any problems that 
may have been associated with thermal 
decomposition, a two-zone heating method was 
employed. The zirconium was placed at the hot 
end of the tube while the mixed metal oxide was 
placed at the cooler end. In the case of 
CaoMnO4,, it was found that a temperature of 
400°C successfully yielded CajgMn03 5 (Table I). 

Single Crystals. Attempts to reduce single 
crystals of CaMn03 resulted in a loss of 
crystallinity. Instead of the usual set of 
intense spots, oscillation photographs showed 
circles of uneven intensity characteristic of 
partially oriented crystallites. Even though 
the crystals did not seem to change appearance, 
scanning electron micrographs showed that cracks 
had formed during the reduction process (see 
Figure l(b)). 


Discussion 


Figure 3(a) is an ORTEP drawing of the room 
temperature structure of CaMn03 based on a 
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Figure 2. 


Sealed quartz tube. 


single crystal X-ray determination. The 
structure of CaMn09_ 5 was determined 
[Poeppelmeier, et al., 1982b] by neutron 
diffraction on a polycrystalline sample. 

Figure 3(b) illustrates the respective polyhedra 
in the oxygen-defect phase CaMnO2 5. Notice 
that in CaMn09 5 all the MnOs/2 polyhedra remain 
connected through Mn-0-Mn Venodokh similar to 
those in CaMn03, and that the oxygen vacancies 
form parallel channels throughout the structure. 
The oxygen vacancies are generated by the 
reduction of Mn^* in CaMnO3 to Mn?* in the 
phase CaMnO2 5. In Figure 4 the ordering 
pattern of the oxygen vacancies is illustrated 


Table I. Thermogravimetric Analysis (TGA) and 
X-ray powder diffraction (XRD) data for CaMn03-_, 
and Ca9MnO4.x. 


CaMnO3-x (600°C) 


x TGA# XRD 
0.00 0.00 CaMn03 
0.20 0.19 CaMn09 g 
0.25 0.26 CaMn09 g (CaMnO? 5)> 
0.33 0.34 CaMn02 g, CaMn09 5 
0.50 0.49 CaMn02 5 


CagMnO4.x (400°C) 


x TGA XRD 
0.00 0.01 CagMn0, 
0.50 (0.49)€ CagMn03 5 


8Propagation of error calculation estimated the 
error to be t 0.02. 

bMinor component. 

CSample air sensitive w.r.t. oxidation. Value 
based on bulk sample weight immediately after 
reduction and after exposure to ambient 
conditions. 
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Reduced mixed oxide (right), oxidized zirconium (left). 


in schematic form. The vacancies order in every 
(001) BX2 plane of cubic perovskite with 
alternate [110], strings of oxygen atoms (based 
on the simple 3.7-À cubic cell) that are missing 
every other oxygen. The vacancies are displaced 
by ag/2 in alternate strings. Thus the 
manganese ions are coordinated by five oxygen 
anions in CaMn09 5 (see Figure 3(b)) as opposed 
to six in CaMn03 (see Figure 3(a)). 

The intermediate phases in the CaMn03., 
systems can be viewed as a combination of end 
members, CaMn03 and CaMn0? 5. These phases 
consist of the appropriate ratios of Mn0¢/2 and 
MnO5 /2 polyhedra while oxygen vacancies also 
order in parallel channels. Reller et al. 
[1984] have proposed several structural models 
based on electron diffraction and HREM studies. 

The isopiestic method presented here allows 
for the simple control of oxygen partial 
pressure above perovskite and perovskite related 
phases. At elevated temperatures oxygen 
dissociates from the oxide (eqn. 4) to combine 
with zirconium to form the more refractory phase 
ZrO9 (eqn. 5). 


ABO3 —— 


ABO3.x + x/2 09 (4) 


Zr * 02 ——— ZrO% (5) 


ABO3 + x/2 (Zr) ——— ABO3.y% + x/2 (Zr09) (6) 


The overall reaction leads to the conditions 
needed to make an oxygen deficient phase of 
selected stoichiometry (eqn. 6). 

This premise, however, makes the assumption 
that the oxygen partial pressure and temperature 
are the only factors that determine the 
formation of these defect structures. 
be true in some cases, but in others, 
such as structural reorganization and 
temperature effects and, for unknown systems, 
whether the oxide has the ability to support an 
oxygen deficient structure are equally 
important. 

The point of structural reorganization 
relates to the ability of one oxygen deficient 
phase to reorganize to form another with a small 
additional change in composition, In this 
instance a possibly significant barrier inhibits 
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Figure 3. The Mn06/2 - connected polyhedra of CaMnO3 (a) and the MnOs /9 polyhedra found 
in CaMn09 5 (b). 


the transformation, even for compounds where the 
stoichiometries are very close. Consider the 
two phases CaMnO$ g and CaMn09 75. The 
suggested structures of CaMnO$ g and CaMnO? 75 
[Reller et al., 1984] are shown in figure 5. 
Both materials consist of a combination of 
octahedra and square pyramids but the ordering 
of oxygen vacancies is different. To transform 
one structure to the other is not just a 


question of the simple addition (to CaMnO2 75) a ; a, + b,/2 
. 110 bic b £0 3073 
or removal (from CaMn09 g) of selected oxygen : subi 9 2 Sac y2 
anions. A more significant rearrangement in the E 
relative positions of the established oxygen a 


vacancies must occur. 

Our synthetic results appear to give some 
support to this argument. The two phases 
CaMn09 g and CaMn09_ 5 predominate the CaMn03_, 
(0.2 <x < 0.5) system (Table I). These results 
indicate that the decrease in pO9 at 600°C 
necessary to cause the reduction of CaMnO$ g to 
CaMn0O9 75 or CaMnO$ 67 is sufficient to reduce a 
fraction of the oxide to CaMn09_ 5 instead of to 
the intermediates x — 0.25 or 0.33. 

One might ask at this point, if a barrier to 
structural reorganization exists then how is it 
that these phases have been prepared at 600?C 
[Reller et al., 1982] in buffered gas systems 
such as H9/H90. The answer may lie in the fact 
that the hydrogen and water come in physical 
contact with the bulk material and this 
combination can move oxygen from one vacancy to 
another. Hydrogen forming water to create a 
vacancy at one surface site, while water 
dissociates to fill a vacancy at another may 
assist in the lattice reorganization. 

The question of thermal stability must also 
be addressed when considering these systems 
because some oxygen deficient phases are 
thermally sensitive. We have shown that in the 
CaogMnO4.x system, CagMn03 5 is not stable at Figure 4. Schematic structures of stoichiometric 
600°C (eqns. 1,2). At these higher temperatures CaMnO3 (left) and CaMnO$ 5 (right). 


O Oxygen 
O Oxygen Vacancy 


9 Transition-metal Cation 
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Figure 5. 


and dark circles represent manganese. 


a decomposition reaction (see eqn. 2) to form 
the compounds CaO and CaMn40; occurs. Lowering 
the temperature of the oxide to 4009C, however, 
made it possible to synthesize Ca9MnO3 5. 

This example suggests that other metastable 
oxygen deficient materials can be prepared by 
this technique. In other systems it may be 
found that only small accessible temperature 
ranges exist where the oxygen deficient compound 
can be obtained, and low temperatures and long 
reaction times will be necessary to prepare 
them. 

Reduction of a single crystal of CaMnO03 Q to 
CaMn0$5 5 occurs without change in its external 
form (pseudomorphic) even though the reaction 
has proceeded throughout the crystal (see Figure 
1). However, the structure has been disrupted 
and there are small and irregularly oriented 
crystallites after completion of the reaction 
[Dent Glasser et al., 1962]. Although the three 
dimensional nature of the original structure is 
in all likelihood retained in the individual 
crystallites, the large degree of misorientation 
most likely results from the discontinuous 
relationship between pO»), temperature and 
composition leading to epitactic nucleation on 
external surfaces in the early stages of 
reaction [Gunter and Oswald, 1977]. Work is in 
progress to circumvent these problems and to 
study this interesting reaction in more detail, 


Conclusions 


The method of isopiestic equilibration is a 
useful technique for the synthesis of oxygen- 
deficient mixed oxides such as those found with 
the perovskite ABO3.,4 framework. Accessibility 
of various intermediates will depend on their 
relative stabilities, kinetic, and nucleation 
phenomena. The latter appear to be especially 
important at temperatures below 600°C. 
Particularly noteworthy is the use of 
temperature gradients which allow syntheses 
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Schematic representations of suggested structures (Mn0, /2-x planes) [Reller 
et al., 1984] of CaMnO9 g (left) and CaMnO9 75 (right). 


Open circles represent oxygen 


otherwise not possible because of thermal 
decomposition. These techniques are also 
adaptable to gram amounts. The application to 
single crystals should provide a method for 
studying the fundamental nature of oxygen 
release and reoxidation of perovskite-like 
mixed oxides. 


Acknowledgments. We acknowledge support for 
this research from NSF (DMR) - Solid State 
Chemistry Program 8610659. We would like to 
thank D. M. Smyth for his critical review of 
this paper. Also, we are grateful to A. J. 
Jacobson and J. P. Thiel for helpful 
discussions, 


References 


Dent Glasser, L. S., F. P. Glasser, and H. F. W. 
Taylor, Quart, Rev., 16, 343, 1962. 

Gallagher, P. K., H. M. O'Bryan, S. A. Sunshine, 
and D. W. Murphy, Mat. Res. Bull., 22,995 1987. 

Günter, J. R. and H. R. Oswald, J. Solid State 
Chem., 21, 211, 1977. 

Horowitz, H. S. and J. M. Longo, Mat. Res. 

Bull., 13, 1359, 1978. 

Kuroda, K., N. Fujie, N. Mizutani, and M. Kato, 
J. Chem. Soc. Japan, 12, 1855, 1981. 

Leonowicz, M. E., K. R. Poeppelmeier, and J. M. 
Longo, J. Solid State Chem., 59, 71, 1985. 

Longo, J. M., H. S. Horowitz, and L. R. 
Clavenna, in S. L. Holt, J. B. Milstein, 
and M. Robbins (Eds.) Solid State Chemistry: 
A Contemporary Overview Adv. Chem. Ser., 186, 
American Chemical Society, Washington D. C., 
1980, p.139. 

Ohsato, H. T. Sugimura, and K. Kageyama, J. 
Crystal Growth, 48, 459, 1980. 

Poeppelmeier, K. R., M. E. Leonowicz, and J. M. 
Longo, J. Solid State Chem., 44, 89, 1982. 

Poeppelmeier, K. R. M. E. Leonwicz, J. C. 
Scanlon, J. M. Longo, and W. B. Yelon, J. 


Solid State Chem., 45, 71, 1982b. 


Vol. 45 


Geophysical Monograph Series Perovskite: A Structure of Great Interest to Geophysics and Materials Science 


WILEY AND POEPPELMEIER 111 


Poeppelmeier, K. R., H. S. Horowitz, and J. M. 


West, T. J., Complexometry, 3rd Ed. British Drug 
Longo, J. Less-Common Met., 116, 219, 1986. 


Houses Chemicals Limited, Poole, England, 


Reller, A., D. A. Jefferson, J. M. Thomas, R. A. 1969. 
Beyerlein, and K. R. Poeppelmeier, J. Chem. 
Soc. Chem. Commun., 1378, 1982. K. Poeppelmeier and J. Wiley, Department of 


Reller, A., J. M. Thomas, D. A. Jefferson, and Chemistry and Ipatieff Catalytic Laboratory, 
M. K. Uppal, Proc. R. Soc. Lond., A 394, 223, Northwestern University, Evanston, Illinois 
1984. 60208. 


Vol. 45 


Geophysical Monograph Series 


Perovskite: A Structure of Great Interest to Geophysics and Materials Science 


Vol. 45 


INTERMEDIATE COMPOSITIONS IN THE SERIES BDO:» M:0s 
STRUCTURES INCORPORATING ELEMENTS OF PEROVSKITE AND FLUORITE 


Wuzong Zhou and David A. Jefferson 


Department of Physical Chemistry, University of Cambridge, UK. 


John M. Thomas 


The Royal Institution of Great Britain, London, UK. 


Abstract. BisNbsO:s has been identified by high resolution 
electron microscopy (HREM) as a stepped intergrowth of 


NbO&* and Nb:BiO7"" perovskite units and BizOz" fluorite units. 


A similar structure has also been observed in Bis TarOss. The 
unit cells of both were determined by selected area electron 
diffraction (SAED) and the details of the structures were 
elucidated by computer simulation matching of HREM images. 


The structural principles of these stepped arrangements are 
discussed. 


Introduction 


In 1962, using X-ray powder diffraction (XPD), Roth and 
Waring deduced the structure of the compound BisNb:O:s to be 
a tetragonally distorted pyrochlore phase with a=1.0912 and 
c=1.0496 nm. They also reported some extra diffraction lines 
in the XPD spectrum which they could not however index on 
this unit cell [Roth and Waring, 1962]. Gopalakrishnan et al., 
in 1984, restudied this compound using HREM and reported it 
as a regular intergrowth of n-1 and n-2 members of the 
Aurivillius oxide family [Aurivillius, 1950] at the unit cell 
level, with alternate structural components having 
stoichiometries of Biz2NbOs and BisNb;O»* respectively. A 
schematic drawing of this structure is shown in Fig. 1. 

In our previous work in the system BixO»-Nb:Os, we have 
investigated the structures of the bismuth-rich phases using 
HREM. Roth and Waring reported a solid solubility of up to 
23 mole per cent Nb:0s in Bi2Os, but our studies indicated that 
ordered arrangements of Nb* cations existed, forming 
characteristic structural units inside a host lattice of 9-Bi;Os. 
With a Bi:Nb ratio of 60:1, a B-Bi;O: structure was found, this 
being a distorted 2x2x1 superstructure of the fluorite-like 
5-BizOs. On increasing the niobium content, this altered to a 
body-centred cubic 2x2x2 superstructure in which Nb* cations 
were isolated from each other at compositions up to 15:1, this 
structure being designated type I. With further addition of 
Nb*, this structure in turn altered into a phase with a large 
cubic cell containing pyrochlore-like structural units with 
Nb«Oss stoichiometry, designated type II [Zhou et al., 1986] 
and this transformed, at Bi:Nb ratios of less than 3:1, into a 
type III phase which contained these Nb:Ois units linked by 
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perovskite-like units of four corner-sharing NbOs octahedra 
[Zhou et al., 1987]. At a Bi:Nb ratio of 5:3, all fluorite-like 
character appeared to disappear in the structure, and XPD 
indicated a perovskite-like structure, designated type IV. This 
would be in agreement with the intergrowth Aurivillius phase 
of Gopalakrishnan et al., but further investigations revealed 
that the layers in these structures were not such intergrowths, 
but contained regular steps. The cation positions in two such 
superstructures were determined by HREM, as outlined below. 
In addition, a type IV-like structure was observed in the Bi2Os- 
Ta2Os system. 


Experimental 


The compound BisNb:O:s was prepared by solid-solid 
reaction of intimately mixed BiO: and Nb:Os, both of 99.9 % 
purity, at 1000 ?C/O: for 48 hours followed by quenching 
directly to room temperature. Initial characterization of the 
product was by XPD which was performed on a Philips 
diffractometer using Cu Ka radiation with operating conditions 
of 40 KV and 40 mA. High temperature XPD studies, using 
the same X-ray tube, were performed on a Philips ANTON 
PAAR HTK 10 high-temperature attachment, the temperature 
range being variable from room temperature to 1200 °C at 
atmospheric pressure. The powder sample was placed on a 
heating strip made of platinum which itself was heated directly 
by the current. A Pt/10%Rh-Pt thermocouple which was 
welded on the heating strip, enabled temperature measurement 
of up to 1600 °C. Pure oxygen was allowed to pass through 
the system to protect the sample from reduction. The normal 
mode of scanning was programmed with interval times 1 
second and step size 0.05?(20). Compositional homogeneity 
was confirmed by energy dispersive X-ray microanalysis (EDS) 
within the electron microscope. The observed ratio of the Bi 
La emission line to the Nb Ka line from 20 chosen particles 
was 2.89 + 0.10, corresponding to the cation ratio in the 
sample of Bi:Nb as 5:3, as calculated from the standard 
material of BiNbOs which was freshly prepared. SAED 
patterns were taken on a Jeol-200CX electron microscope 
operating at 200 KV with a +45° tilt goniometer stage. High 
resolution images were recorded by using a new type of side- 
entry specimen stage (C.-0.52 mm, C.21.05 mm, information 
limit ca. 0.18 nm) and computer simulated model images were 


Geophysical Monograph Series 


114 COMPOSITIONS IN Bi203-M,05 


Fig. 1. The model for the regular intergrowth of n=1 and n=2 
members of Aurivillius oxide family for BisNb:3Ois. 


calculated according to the multislice method [Cowley and 
Moodie, 1957; Goodman and Moodie, 1974], using programs 
developed for use with very large unit cells [Jefferson et al., 
1976]. 


Results and Discussion 


The room temperature XPD spectrum of BisNb:O:s obtained 
in the present work was very similar to the previous work 
(Fig. 2a). The basic structure could be determined by the main 
peaks as a tetragonal unit cell with a=1.0936 and c=1.048 nm. 
However, if the high resolution XPD spectrum was examined, 
there were many extra lines which could not be indexed (Fig. 
2b), this suggesting that a more complicated structure existed 
in the sample. All these main lines and the extra lines were 
stable at any temperature below the melting point. 

In the electron microscope, many SAED patterns were 
recorded. Three of them down the principal projections of the 
perovskite sublattice are shown in Fig. 3a, 3b and 3c. Almost 
all the diffraction spots could be indexed on an orthorhombic 
lattice with a=3.179, b=0.545 and c=4.102 nm, although an 
incommensurate nature in the a* direction was noted and the 
a parameter could be 6.358 nm or larger. Compared with other 
superstructures in the system [Zhou et al., 1986, 1987], this 
type IV structure shows strong perovskite character rather than 
any relationship with fluorite or pyrochlore. Fig. 3d shows the 
SAED pattern and the corresponding HREM image in the 
[110] projection of the perovskite-like sublattice or [610] 
projection of the superstructure determined above. In this 
projection, the structure looks like a regular Aurivillius phase 
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(Fig. 1), but when viewing down the [010] axis, a stepped 
nature was revealed (Fig. 4a and 4b). In the crystal of Fig. 4a, 
the structure is partially stepped and partially layered, forming 
an orthorhombic lattice which was designated as type IV. In 
Fig. 4b, however, the structure is completely stepped with no 
continuous layers, forming a monoclinic lattice, designated 
type IV*. In many cases, these two phases intergrew together, 
with usually the type IV structure being found in the central 
region of the particle and the type IV* at the edge. 

Models for the type IV and type IV* structures are shown 
in Fig. 5. The type IV model has a unit cell identical to that 
determined from the SAED pattems, and has a structure where 
continuous layers of NbOs octahedra are flanked on one side 
by strips of further octahedra, such that the strips on adjacent 
layers point towards each other. Linkage between layers and 
adjacent strips is provided by BixOz"-like components, as in 
the Aurivillius phases, although that linking the adjacent strips 
is of necessity "stepped". The type IV* model, on the other 
hand, is monoclinic with a=7.010, b=0.545, c=4.114 nm and 
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Fig. 2 (a) The room temperature XPD spectrum of BisNb:O:s. 
(b) High temperature XPD spectra of BisNb:O:s. The main 
peaks are indexed into the tetragonal subunit cell with 
a=1.0936 and c=1.048 nm. 
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Fig. 3 Three SAED patterns from BisNbsO:s in the (a) [100], 
(b) [010] and (c) [001] projections of perovskite sublattice. (d) 
SAED pattern and HREM image of BisNbsO:s in the [610] 
projection of the type IV orthorhombic superunit cell. 


B=81.59°. In this model, there are no continous layers of 
octahedra, but wider strips which overlap to form "stepped" 
layers. Once again, linkages are provided by Bi;Oz* 
components. When compared to the idealised perovskite 
arrangement, the structures of both models are compressed in 
a direction perpendicular to the layers or strips, such that the 
Bi:02* components and the NbOs octahedra link together with 
Bi* and Nb“ cations on approximately the same plane 
perpendicular to [001], necessitating some distortion of the 
NbOcs octahedra. 

In general, for ABOs materials, when a factor t = 
(RatRo)/V2(Ra+Ro), Ra, Re and Ro being the radii of the 
relevant cations, lies between 0.8 and 1.0, a perovskite type 
structure is formed, but for t between 0.8 and 0.89, some 
deformation is invariably present. For example, t =0.89 in 
CaTiOs, and although the cations are in idealised positions, the 
TiOs octahedra, although still regular, are tilted relative to one 
another and form a puckered network [Deer et al., 1962]. In 
BisNb:3O:s, the value of t is 0.80, and a similar, although 
possibly greater, effect can be expected. Such a distortion is in 
keeping with the apparent compression of the lattice 
perpendicular to the layers in type IV, but in type IV*, where 
there is no complete extension of the NbOs octahedra layers, a 
further condition imposed is that the number of NbOs 
octahedra in the positions where strips overlap must be even. 
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The model shown in Fig. 5b shows a 6x5 arrangement of 
overlapped and non-overlapped octahedra and does not fit the 
correct stoichiometry exactly. Consequently, the true 
arrangement is probably a mixture of 6x5 and 6x7. Local 
variations in this arrangement might well produce a slight 
compositional uncertainty in this phase. 

Good image matches calculated from the type IV and the 
6x5x6x7 type IV* models have been obtained (see the insets 
of Fig. 4a and 4b). The thickness dependence of image 
contrast from the type IV structure was reproduced. However, 
both of these are still only the most probable models. In fact 
the unit cell of both type IV and type IV* structures arc 
variable at least along [100] as indicated in SAED patterns. 

For preparing the type IV structure in the Bi2O3-Ta2Os 
system, a 5Bi;Os-3Ta:05 composition was chosen. As indicated 
by EDS studies, the product always contained two phases, one 
being BiTaO. and another a phase of composition Bis TaizOss. 
Although the real type IV structure is possibly 
incommensurate, as implied by the SAED patterns, it is still 
possible to propose a simplified unit cell that is monoclinic 
with a=2.272, b=0.385, c=1.926 nm and B=101.9°. 

One HREM image in the [010] projection is shown in Fig. 
6a, taken on the 400 kV electron microscope in Arizona State 


Fig. 4 (a) and (b) HREM images of the type IV and type IV* 
structures in the [010] projection. Computer simulations for (a) 
correspond to 8, 6, 2 nm thick (from left to right) and defocus 
80, 80, 120 nm. Computer simulation for (b) corresponds to a 
specimen thickness of 5 nm and defocus of 120 nm. 
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as that in BisNbsQis structure. The factor t=(Rat+Ro)/V2(Ret+Ro) 
=0.81, where Ra, Rs and Ro are ionic radii of Bi*, Ta** and O^ 
respectively. In this case, a distortion of TaOs octahedra similar 
to that of BisNb:sO:s structure is also possible. Such a distortion 
is also satisfactory in the fitting of the steps, but because the 
octahedral distortion is usually along the [110] direction of the 
Aurivillius sublattice as that shown on the model of type IV 
and type IV* BisNb:Oss, in this model, it is difficult to show 
such a distortion in this projection. Therefore a regular 
arrangement of TaO« octahedra is used in the drawing. 

In summary, the BisNb:O:s composition has a basic 
structure comprising a regular intergrowth of n=1 and n=2 
members of the Aurivillius phases, but exists in a stepped 
configuration instead of in a regular phase. This phenomenon 
appeared to be caused by the presence of charges on the 
BizNbO« layers and Bi3Nb;O»* layers. Similar behaviour was 
also observed in the BizOs-Ta2Os system. The orientations of 
the steps of the type IV structures in the BizOs-Nb2Os and 
Bi2O3-TazOs systems were different, although as yet no 
explanation for this difference is known. 

It was noted that normal Aurivillius phases, even those of 
the regular intergrowth variety, did not have stepped structures. 
For example, BizWOs was a regular n=1 Aurivillius phase, in 
which a WO. layer alternated with Bi;O2* layers. The 
complete double layer, however, was electrically neutral. 
However, when some Nb cations were introduced into the 
lattice, the composition being Biz(WosNbos)Osss, a very similar 
stepped structure to the type IV structure discussed above was 
observed [Lieven et al., 1984]. BieTisCrOz is an Aurivillius 
phase having alternating BisTisO:2 and BisTisCrOis layers, but 
both of these two component layers are neutral. Similarly, 
BaBisTi;Oz has alternating BisTisO12. and BaBisTisOis layers, 
and Bi;Ti4sWosO2 contains BiaTisO: and BisTi:sWosOs layers. 
All of these layers are electrically neutral, and do not need to 
adopt a stepped structure for neutralization of the charges 
between layers [Gopalakrishnan et al., 1984]. However in the 
Bi2zO3-Nb2Os and BizO3-Ta2Os systems, there is no way to 
construct such neutral layers. It was then concluded that 
Aurivillius phases having a single n member, e.g. BizWOse, will 
not form stepped structures. Those with different n numbers 
but with neutral layers inside the unit cells, e.g. BieTisCrOz, 
will also not form a stepped structure, but those with different 
n numbers and without neutral layers inside the unit cell, e.g. 
BisNbsOis, will. To prove this structural principle, further work 
on other related meterials are being carried out. 
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Abstract. The slip systems and dislocations compatible with 
the geometrical requirements of the perovskite structure are 
listed and the published transmission electron microscopy 
observations of dislocations in various perovskites are 
reviewed. 

The results of recent high-temperature creep experiments 
on single crystals of fluoride and oxide perovskites are reported 
and discussed in terms of a systematics.It is tentatively 
suggested that perovskites that are ferroelectric at room 
temperature and those that are ideal cubic have a different 
high temperature creep behavior. 


Introduction 


Mineralogical models of the Earth's lower mantle fall into 
two classes: 

i) The pyrolytic models (Ringwood,1975; Weidner & Ito,1987), 
for which the lower mantle has the same composition as the 
upper mantle and contains about 80 vol % (Mg,Fe)SiO4 
perovskite and 20 % (Mg,Fe)O magnesiowüstite. 

ii) The chondritic or pyroxenitic models (Liu, 1982; 
Anderson,1984 ) for which the lower mantle is more silicic than 
the upper mantle and contains from 90 to 100 vol% (Mg,Fe)SiO, 
perovskite. 

In any case, the dominant mineral phase of the lower mantle 
is (Mg, Fe)SiO, perovskite: even in the more perovskite-poor 
models, there is at least 80 vol % perovskite phase. As the 
percolation threshold for connectedness of a phase in a 
two-phase mixture, assuming no surface tension effect, is about 
20 vol % (Cahn, 1966), perovskite is, of necessity, a connected 
phase that must control the deformation of the lower mantle.In 
the more magnesiowüstite-rich models, the magnesiowüstite 
content is just about or below the percolation threshold and it is 
therefore probably unconnected. If it is more 
deformation-resistant than perovskite, it will be passively 
entrained in the deformation of the more ductile perovskite 
matrix; if it is less resistant, the connected matrix will anyway 
have to be deformed. So, in all cases,for the current mantle 
models,it is reasonable to consider that the viscosity of the lower 
mantle is controlled by perovskite. Some knowledge of the 
deformation mechanisms and creep laws of perovskites is then 
a prerequisite to informed speculation on the viscosity of the 
lower mantle.It is therefore unfortunate that almost nothing is 
known on the deformation (and especially high-temperature 
deformation) of crystals with perovskite structure, despite a 
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wealth of information on their physical properties at low 
temperatures. 

In what follows, we will, first, set up a framework for the 
investigation of the deformation mechanisms of crystals with 
perovskite structure, by listing, a - priori the potential slip 
systems and dislocations, together with their possible splitting 
schemes, compatible with the crystallographic requirements of 
the perovskite structure. We will, then, review the scarce 
observations of dislocations made by transmission electron 
microscopy on various perovskites. Finally, we will report on 
recent high-temperature creep experiments that constitute a 
starting basis for a systematics. 


Potential Slip Systems and Dislocations 


Although the crystals with perovskite structure are usually 
distorted at low temperature and/or high pressure, we will first 
consider here the ideal cubic structure ABO, consisting in a 
3-dimensional framework of vertex-sharing BOg octahedra and 
A cations. The role of the distortions will be assessed later and 
anyway, all perovskites are cubic at ambient pressure and high 
enough temperature. 

An interesting characteristic feature of the ideal perovskite 
structure is that the cxygen ions and the A cations are of 
comparable size and, taken together, form a face-centered cubic 
lattice. Thus,the perovskite structure can conveniently be seen 
as a ReOs structure stuffed with small B cations at the center of 
the octahedra (Wells, 1984). Conversely, it can be seen as an 
intermetallic CuZn (B2) structure stuffed with oxygen ions at 
the center of the cube faces (O'Keefe & Hyde, 1985)(Fig. 1). 

Consideration of the face-centered cubic or intermetallic B2 
lattice, whose slip systems and dislocations are known, can help 
us to make educated guesses on the possible slip systems and 
Burgers vectors of perovskites. 


The ReO; stuffed lattice 


The lattice of mixed A cations and oxygen ions could, in 
principle, slip on the close-packed slip planes available to the 
fcc lattice: {111}, {110} and {100}. The shortest Burgers vectors 
are «100» and «110» ( not 1/2 «110» as for unstuffed fcc, due to 
the presence of the B ion at the center of the cube ). 

The potential slip systems are therefore: (111) [110] , (110) 
[110] and (100) [001]. 

Speculation as to which systems are more probable can be 
made only on the basis of geometrical assessment of the 
splitting schemes of dislocations since nothing is known on the 
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Fig. |. Ideal cubic ABO; perovskite unit cell: The A cations at 


the comers of the cube and the O anions at the vertices of the 
octahedron form a FCC lattice.The A and B (at the center of the 
cube) cation form a CuZn (B2) lattice. 


deformation of the very few crystals which have the ReO4 
structure. 


Dislocations with [110] Burgers vector, responsible of slip on 


{111} can be expected to dissociate into Shockley partials as in 
the fcc lattice; however,due to the fact that the Burgers vector is 
twice as long,there are 4 partials and the screw dislocations can 
dissociate on 2 intersecting {111} planes,with a sessile stair-rod 
dislocation at the intersection,blocking their glide: 


[110] ^ 1/6 [121] + 1/3 [210] + 1/6 [121] 


Slip on {100} can be envisaged with a dissociation of the 
<100> Burgers vector into two collinear partial vectors(Fig.2): 


[100] ^ 1/2 [100] + 1/2 [100] 


. Finally, a favorable slip system would appear to be (110) 
[110] , also with a collinear splitting: 


(001) 3 


Fig.2. Dissociated (unrelaxed) (100)[001] dislocation. The 
octahedra are figured with the oxygen ions represented as 
circles, the A cations are represented as squares. 


(1) 


Q) 


Fig. 3. Dissociated (unrelaxed) (110) 110] dislocation. The 
framework of octahedra is preserved across the stacking fault. 


[110] > 1/2 [110] + 1/2 [110] (3) 


The corresponding stacking fault is probably of rather low 
energy, since it conserves the original oxygen sublattice 
(Fig.3).It must be noted however that the propagation of the 
partial dislocations nevertheless necessarily involves the 
breaking of Si-O bonds. 


The CuZn stuffed lattice 


There is no need here to speculate on the slip systems of this 
structure, since the deformation of many intermetallic 
compounds (CuZn, NiAl, CoAI, FeAl) is quite well known.At low 
temperatures,dislocations with «111» Burgers vector glide on 
{110} planes, whereas at high temperatures both (001)[100] and 
(110) [110] slip systems may be operative ( e.g. Saka et al.,1985 ; 
Rudy & Sauthoff, 1986). 


The perovskite structure 


From the considerations developed above, we can surmise 
that crystals with the perovskite structure may deform by slip 
on (110) [110] and (001)[100] systems. Splitting schemes other 
than the ones presented above are also theoretically possible:It 
is in particular interesting to investigate the climb 
dissociations, which are now found to exist in many structures 
and may be responsible for a paradoxical strengthening with 
temperature increase, noticed in some compounds (Poirier, 
1985). In the perovskite structure, it is possible to envisage that 
edge dislocations with [100] Burgers vector can dissociate in 
their climb plane (Fig. 4), according to the reaction: 


[100] ^ 1/2 [101] + 1/2 [101] (4) 


Finally, let us consider the distortions of the non-ideal 
lattice: MgSiO; perovskite, like CaTiO3 , is distorted according to 
the GdFeO, distortion, i.e. the octahedra are tilted so that the 
lattice becomes orthorhombic, with a unit cell containing 8 
octahedra. In principle,the Burgers vectors of the dislocations 
are twice as large as in the cubic perovskites and could be 
dissociated into two partials with collinear Burgers vectors; 
there is, however, no clear evidence for such a dissociation in 
CaTiO4 (Doukhan & Doukhan, 1984 ). Another obvious 
consequence of the orthorhombic distortion is the existence of 
domains (or twins ) that persist up to high temperatures at 
high pressures; their boundaries evidently act as obstacles to 
dislocations and are likely to play the same role as ordinary 
grain boundaries. 
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Fig.4. Climb dissociation of a (100)[001] dislocation. 


TEM observation of dislocations 


Few crystals with perovskite structure have been deformed 
and observed in transmission electron microscopy.The 
observations generally agree with the speculations made on a 
crystallographic basis: The dislocations have «110» or «100» 
Burgers vectors, but it appears that, while «110» dislocations can 
be found both at room temperature and at high temperatures, 
«100» dislocations are generally found only at high 
temperatures, where they tend to be predominant. 

Slip bands (110)[110] have been observed in KNbO3 at room 
temperature (Tanaka & Himiyama , 1975; Li et al.,1983 ), while 
Ammann et al. (1984) found «110» screw and «100» edge 
dislocations in KTa, ,Nb,O, . 

KTaO; has been deformed in creep at high temperature 
(Beauchesne & Poirier, in preparation) and both «110» and «100» 
dislocations have been observed (Fig. 5). Similar observations 
were made in BaTiO3 crystals after crecp: The «110» dislocations 


Fig.5. Slip dislocations in KTaO4 (TEM). Dislocations project 
along «110» directions in a (111) plane. Scale bar: 500 nm. 


Interest to Geophysics and Materials Science 


POIRIER ET AL. 121 


E 


Fig. 6. Prismatic loops and dislocations with «100» Burgers 
vector (pscudo-cubic) in MnGeO; perovskite prepared in 
the diamond anvil cell at 40 GPa. Scale bar: 100 nm. 


are present at all temperatures, along with the <100> 
dislocations responsible for the observed slip on the (001)[100] 
system. All dislocations rearrange in low energy polygonization 
walls (Beauchesne & Poirier, in preparation). The climb 
dissociation of [100] dislocations (eq.4) is observed, but it may 
not be characteristic of the high-temperature creep and the 
observed configurations have been interpreted as resulting 
from vacancy precipitation during cooling (Doukhan & 
Doukhan, 1984). 

In CaTiO3, «110» dislocations were observed in samples where 
(110) [110] slip (in the pseudo-cubic lattice) had been induced 
by indentation at room temperature (Doukhan & Doukhan, 
1984). 

The quenched high-pressure perovskite phase of MnGeOs;, an 
analogue of MgSiOs, prepared in the diamond-anvil cell at 
kbar was observed in TEM and showed both <100> and <110> 
dislocations (in the pseudo-cubic lattice)(Fig.6). 

The only discrepant observation in the literature concerns 
PbTiO4 where [021] dislocations were reportedly scen (Dobrikov, 
1980) but the evidence seems dubious. 


High-Temperature creep experiments 


Creep experiments have so far only been performed on 
single crystals or very fine-grained polycrystals. 


ingl 


The first creep experiments on single crystals with 
perovskite structure were performed on the cubic 
fluoperovskite KZnFs at temperatures between 0.8 and 0.95 Tn 
(melting emnperstite) (Poirier et al.,1983). Although slip 
occurred on {110} planes at all investigated temperatures, it was 
found that at T > 0.95 T,,,, slip on (100) planes became 
extraordinarily easy and the electrical conductivity increased 
by 2103 orders of magnitude. It was suggested that the ease of 
slip on (100) planes was causcd by thc transition to the solid 
electrolyte statc, in which the oxygen sublattice would , so to 
speak, melt (O'Keefe & Bovin,1979) and the remaining latticc 
would have the CuZn structure. 
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TABLE 1. Activation energy Q, stress exponent n and scaling 
parameter g for the creep of various perovskites. 


Perovskite TA, Q (J/mol) n g-Q/RT4, 
KZnF, 0.81-0.95 213 1.8 22 
0.95-0.98 122 1.1 
KTaO, 0.89-0.994 339 1.5 25 
KNbO, 0.87-0.993 407 3.4 37 
BaTiO, 0.75-0.92 469 3.6 30 


The creep data have been reanalyzed, using a global 
inversion technique (Sotin & Poirier, 1984; Poirier et al., in 
press) and the values of the activation energy Q and stress 
exponent n were calculated for a rheological power law of the 
form: € = A o exp (-Q/RT) , where É is the creep rate, T is the 
temperature and A is a constant, (Table 1). 

Experiments recently performed on oxide perovskites BaTiO, 
and KTaO, (Beauchesne & Poirier, in preparation),in an 
orientation favoring slip on {100} planes, failed to exhibit the 
same catastrophic increase in creep rate at high temperature. 

In the case of BaTiO}, the same high relative temperature T/T m 
could not be obtained due to the phase transition to hexagonal 
perovskite that takes place at T= 0.95 T,, . For KTaO3 however 
there is no phase transition and the crystal stays cubic up to the 
melting point but normal creep behavior persists up to the 
highest temperature (0.994 Tn). KNbO3 shows the same 
behavior, although the creep parameters are quite different 
(Table 1). 

In all cases, the creep data are best fitted by a power law 
(Table 1)(see Poirier,1985) but the stress exponents differ by a 
large amount, from values smaller than 2 for KZnF; and KTaO, 
to the more typical values of about 4 for BaTiO, and KNbO3. 

Due to the lack of diffusion data on these perovskites, it is 
impossible to compare the activation energies of creep and 
diffusion as it is traditionally done. 


Polvcrystals 


A few creep experiments have been performed on very 
fine-grained polycrystalline perovskites, at temperatures 
generally lower than 0.7 or 0.8 Tin: 

BaTiO, ,with a grain size of 0.5 ym, tested in compression 
between 1150 and 1250°C , exhibits a superplastic behavior with 
a Stress exponent n=2 and an activation energy of 800 kJ/mol 
(Carry & Mocellin,1986). The superplastic behavior is indeed to 
be expected in very fine-grained material of any structure. 

CaTiO3 and SrZrO,, with grain sizes less than 3 m, were 
tested in 4-point bending; activation energies of 837 kJ/mol and 
706 kJ/mol were found for CaTiO4 (Yamada,1984) and SrZrO4 
(Nemeth et al.,1972) respectively. These data are, in our opinion, 
of dubious value, due to the unreliability of the bending creep 
method for obtaining rheological equations. 


Discussion and perspectives 


There is now ample evidence showing that all crystals with 
perovskite structure, slip on the {110}<110> system at room 
temperature irrespective of whether they are ideal, or distorted 
with the BaTiO, or GdFeO, distortion. At high temperature, they 
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slip both on (110] «110» and {100}<001> systems with a 


predominance of the latter at the higher temperatures. 

Rheological equations for power-law, high-temperature 
creep of single crystals on the {100}<001> slip system have been 
obtained for 4 different perovskites only and it is obviously not 
yet possible to establish a reliable systematics: KZnF,, BaTiO}, 
KTaO, and KNbO, differ in many respects and not two of them 
share the same characteristics. We may, however, try and 
discem trends that may be confirmed or infirmed when more 
data come in on creep of single crystals of other perovskites. We 
will consider the presence or absence of enhanced {100} slip 
close to the melting point, the power-law stress exponent n (n<2 
or 3.5«n«4.5) and the value of the proportionality constant g that 
expresses the scaling relationship between the activation 
energy for creep and the absolute melting temperature 
(Weertman, 1970; Liebermann & Poirier,1984): g=Q/RT,, (see 
Table 1). 

KZnF, is a 1-2 fluoperovskite,ideal cubic at all temperatures, 
it exhibits a value of n«2 anda value of g that is also rather 
low for a non metal. Its spectacular ease of slip close to the 
melting point has been related to the appearance of a solid 
electrolyte transition. 

BaTiO; is a 2-4 oxide perovskite, with ferroelectric distortion 
at room temperature, that becomes cubic at high temperature. It 
behaves in creep as a typical ceramic material with a stress 
exponent close to 4 and a value of g close to 30. It is impossible 
to know whether it would become a solid electrolyte close to the 
melting point since it undergoes a phase change. 

KTaO; is a 1-5 oxide perovskite, ideal cubic at all 
temperatures.It exhibits a value of n«2 and a rather low value of 
g. It definitely shows no increase in the ease of (100) slip close 
to the melting point. 

KNDbO, is also a 1-5 oxide perovskite but it is ferroelectic at 
room temperature and becomes cubic at high temperature.Tt 
behaves, like BaTiO, as a typical ceramic with n close to 4 and 

g close to 30. It shows no increase in the ease of {100} slip close 
to the melting point. 

Even though the data set is much too sparse for comfort,we 
may now formulate questions and make conjectures compatible 
with our limited data. 

- Solid electrolyte behavior and enhanced ease of slip close to 
the melting point exist in a 1-2 ideal cubic fluoperovskite and it 
does not exist in 1-5 oxide perovskites, ideal or with 
ferroelectric distortion at room temperature. Solid electrolyte 
behavior also exists in NaMgFa, with the GdFeO, distortion 
(O'Keefe & Bovin,1979). Does the anomalous ease of slip exist also 
in oxides? If so,it must be related to the cationic valences and it 
should be looked for in 2-4 perovskites. What about 3-3 
perovskites (aluminates) ? 

- Creep with low n and Q (possibly the little known 
Harper-Dom creep) is found for KZnF4 and KTaO}, which have 
little in common except the fact that both are ideal cubic 
perovskites at all temperatures. Would all ideal cubic 
perovskites,fluorides or oxides, creep in the same way? 

- Typical power-law (Weertman) creep is found for KNbO; 
and BaTiO}, which are both ferroelectric at room temperature. 
Even though they are cubic at the high temperatures of the 
creep experiments, do they keep some memory of their former 
distorted state at the level of the dislocation cores? Would all 
ferroelectric perovskites creep in the same way? 

- What would be the creep behavior of oxide and fluoride 
perovskites with GdFeO3 distortion (CaTi03,NaNbO3,NaMgF3)? 

The systematics for creep of perovskites turns out to be more 
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complicated and more interesting than expected. If the trends 
suggested above are confirmed, the bond characters reflected in 
the various room temperature distortions,would be important 
parameters that could determine the isomechanical series and 
the selection of proper analogues to MgSiOs perovskite, but it 
would be rash at this point to offer a physical explanation of a 
behavior that is still largely conjectural.Besides,the role of 
possible non-stoichiometry has not been investigated yet. Many 
more experiments on single crystals are needed. 
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Abstract. The equation of state and the elas- 
tic behaviour of SrTiO, under high pressure are 
studied by X-ray diffraction and Brillouin scat- 
tering in the [111] direction in a diamond anvil 
cell. The cubic-tetragonal phase transition oc- 
curs at about 6 GPa and has been observed by 
Brillouin scattering only. The pressure dependen- 
ce of a transverse acoustical phonon is measured 
up to 25 GPa and a longitudinal acoustical one 
between 13 and 36 GPa. At the transition, there 
is a negative jump of the Brillouin shift of the 
transverse acoustical mode 


Introduction 


The evolution of the elastic properties under 
high pressure of compounds having the ideal 
perovskite structure is of great interest for the 
determination of the properties of the Earth's 
lower mantle materials. 
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The development of Brillouin spectroscopy af- 
forded the measurements of elastic properties at 
room conditions of the high pressure phase of the 
magnesium silicate compounds. Particularly, new 
interesting results have been just obtained by A. 
Yeganeh Haeri and D. Weidner on the elastic cons- 
tants of the perovskite structure of Mgsi0, [A. 
Yeganeh Haeri and D. Weidner 1987]. 

It is still difficult to measure the elastic 
properties of this compound under high pressure. 
So it's reasonable to examine the elasticity 
under high pressure of analogous perovskites. 

SrTiO, crystal is a particularly important 
example of the ideal perovskite structure AMX, . 
It is considered as a model for the study of fer- 
roelastic phase transition. This phase transition 
occurs at T, of about 105 K. 

The high temperature phase is cubic and the low 
temperature one tetragonal. 

This phase transition produces no change in 
the cell volume, thermal expansion coefficient or 
dielectric constant but is accompanied by anoma- 
lies in the elastic constants [K.A. Muller and H. 
Thomas ,1981 ; F.W. Lyttle, 1964 ; G.A. Samara, 
1966]. 

In terms of the soft mode theory, the ferro- 
elastic phase transition of SrTiO, involves the 
instability of a Brillouin zone boundary mode 
[K.A. Muller and H. Thomas, 1981]. 

It is well known that the vanishing (or near 
vanishing for a first order transition) of the 
soft mode frequency Wat T. results from the can- 
cellation of two terms. One short range interac- 
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Tetragonal 


3 
P(GPa) 


Fig. 1. Phase diagram of SrTiO,. (from Okai, 


B., and J. Yoshimoto, 1975). 


tion term (SR) and one long range interaction 


term (LR). 


o = (SR) +(LR) (1) 


with (SR) <O and (LR) >0 for SrTiO,. 

What happens to T, when a hydrostatic pressure 
is applied ? The answer was given by G.A. Samara 
et al, 1975. High pressure strongly affects the 
balance of (SR) and (LR) forces. The pressure de- 
creasing of the interionic distance increases the 
absolute value of the (SR) interaction term much 
more rapidly than the (LR) interaction term. In 
other words, there is decrease of W, for a ferro- 


elastic transition and an increase of T, under 
pressure. 
Indeed, an increase of T, with pressure was 


observed [B. Okai and J. Yoshimoto 1975]. The va- 
riation of T, is linear up to 0.85 GPa and 
increases non linearly up to 3 GPa (figure 1). 
Consequently this phase transition must be obser- 
vable at room temperature under high pressure. 
The purpose of the present study is to show 
the elastic behaviour of SrTiO, under high pres- 
sure on both sides of the pressure phase 
transition. 
In the first section we describe our experi- 


mental technique which uses Brillouin scattering 
and X-ray diffraction in a diamond anvil cell 
(D.A.C.). The second part is devoted to the analy- 
sis of the experimental results and their 
discussion. 


Experimental technique 


Brillouin Scattering under High Pressure 


The high pressure is generated in a D.A.C. of 
Block Piermarini type [G.J. Piermarini and S. 
Block, 1975] which allows experiments in the back 
Scattering geometry only. Typically the experi- 
mental volume is a cylinder of 200 um in diameter 
and about 30 um thick. So the typical dimensions 
of the sample is 20 pm in thickness and 100 um in 
the largest dimension. The pressure transmitting 
medium is the 4:1 methanol-ethanol mixture and 
the pressure is measured using the non linear ru- 
by scale[H.K. Mao and P.M. Bell, 1978]. Brillouin 
Scattering experiments were performed using a 
piezoelectrically scanned five pass Fabry-Pérot 
interferometer. Spectra | were stored in a 
multichannel analyser and data were fed into a 
microcomputer. The exciting light was the 514.5 
nm line of a single moded Ar* laser with 100 mW 
output power. Due to the small size of the Sample 
and the decrease of the apparent Brillouin ef- 


ficiency a large number of accumulations was 
necessary. 

The free spectral range (FSR) of the 
Fabry-Pérot was chosen as the very intense 
Brillouin lines coming from the diamond anvils 
(Ao, ~ 5.4 cm +) were hidden in the elastically 


scattered Rayleigh lines, i.e. do, was a multiple 
of the FSR.We used in these experiments FSR = 
2.7273 cm ! and FSR = 5.3868 cmt. 


High pressure X-ray diffraction 


The pressure volume relationship of SrTiO, was 
determined by angular dispersive X-ray diffrac- 
tion up to ^ 21 GPa using a modified Bell and Mao 
type cell [J.M. Léger 1984]. 

The powdered sample was mixed with a pressure 
marker. Silver metal was chosen because its dif- 
fraction lines do not overlap the sample ones. 
The pressure transmitting medium was either the 
4:1 methanol-ethanol mixture or a silicone 
grease. The first one produces hydrostatic pres~ 
sure up to 10.5 GPa, but the shear stresses beco- 
me rapidly large at higher pressure. The silicone 
grease crystallises at low pressure (P < 1 GPa) 
but does not produce large uniaxial stresses. The 
X-ray beam was produced by a conventional X-ray 
tube. The zirconium filtered Mo Kœ ray (A = 
0.7093 À) was used and the beam was collimated to 
O.1 mm. The diffraction pattern was recorded on a 
film situated at ~ 25 mm from the sample. One re- 
cord requires approximatively 2! hours. 
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ethanol-methanol 


ZN 


Brillouin lines of SrTiO, 


Fig. 2. Brillouin spectrum at 22 GPa in the 
back scattering geometry. 

F.S.R. = 2.7273 cm !. The Brillouin lines 
correspond to a T.A. mode. 


Experimental method 
In back scattering geometry, the Brillouin wawe 


number shift ^c (in cm!) is related to the sound 
velocity v by 


2nv 
ao = — 
Ac (2) 


where n is the refractive index, ^ the wavelenght 
of the exciting laser light, c the light velocity 
in vacuum and v the sound velocity. In turn, the 
sound velocity is related to a combination of 
elastic constants C by 


C = pv? (3) 


where pP is the density. The combination of elas- 
tic constants involved in C depends on the propa- 
gation direction of the phonon relative to the 
crystallographic axes, and on the polarization of 
the phonon (longidudinal or transverse). 

Under high pressure, the refractive index and 
density must be known. p(P) is determined by 
X-ray diffraction measurements. Generally the 
pressure dependence of n is not known and is dif- 
ficult to measure, so it must be evaluated using 
theoretical calculation of ionic polarizabili- 
ties. 

For a cubic crystal the Lorentz Lorenz rela- 
tion is 


how 
L-— 4 
ee (4) 
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where & is the optical contribution to the 


macroscopic polarizability of the crystal and V 
the volume. 


And hence 
Log o, 
36mo, |x, + —3* | 
dn? p T 
= — (5) 
dP (3V - 4m, )? 


X, is the isothermal compressibility coefficient. 


dn? 
The sign of I depends on wether X, is larger or 


Log o, 
11 than -|—— —— 
smaller an EP ) 


T 


Results 


Brillouin scattering measurements 


In these experiments the phonon direction of 
propagation was parallel to the [111] direction 
of the cube. 

We observed simultaneously the Brillouin lines 
of the crystal and those of the pressure trans- 
mitting medium. Around 10 GPa these two kinds of 
lines were superposed and the Brillouin shift 
measurement in the crystal was impossible. 

At high pressure the Brillouin scattering is 
weak and the Brillouin peaks are obtained after 
200 scans at least (figure 2). The quantive re- 
sults which we obtained for the [111] direction 
are the following : 

- The transverse acoustical mode has been 
measured up to 25 GPa. The variation of the Bril- 
louin shift So with pressure is not continuous 
(figure 3 ). Around 6 GPa, its slope becomes 
smaller. À negative jump of Ao occurs between 5.5 
and 7.5 GPa. The jump value is about 0.05 cm! 
These two observations are consistent with a 
pressure phase transition. The accurate value P, 
of the pressure of transition has not been deter- 
mined because the points are too much scattered 
in the pressure range 5.5-7.5 GPa. 

The observed transition is the cubic-tetrago- 
nal one. Indeed, the extrapolation of the pressu- 
re dependence of T, towards high pressure (figure 
1) is consistent with a transition around 5.5 
GPa. Moreover, the cubic-tetragonal phase transi- 
tion observed by Brillouin scattering at room 
pressure and low temperature produces a 
discontinuity in Ao of the same order of magnitu- 
de with the same sign [W. Kaiser and R. Zurek, 
1966] (figure 4). 

- Above 9 GPa when the pressure is increased 
new lines appear gradually (figure 3). The high 
frequency Brillouin shift corresponds to a longi- 
tudinal or quasi-longitudinal mode of the high 
pressure phase. 
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P(GPa) 


Fig. 3. Brillouin shift versus pressure. 
The phonon direction of propagation is 
parallel to the [111] direction of the cube. 
The pressure dependence of a transverse (cu- 
bic phase ) and quasi transverse (tetragonal 
phase) mode is shown on the (a), (b) curves 
respectively. The pressure dependence of a 
quasi longitudinal mode is shown on (c) 
curve. 


X-ray diffraction measurements 


The diffraction patterns at high pressure in 
the DAC are consistent with those obtained under 
normal conditions. 4 or 6 lines were observed up 
to 5 GPa. So, it is possible to deduce the evolu- 
tion of the cell parameter with a good accuracy 
in this pressure range. Above 5 GPa, the contrast 
of the lines decreases when the pressure is in- 
creased. But no new lines appear corresponding to 
a phase transition. The experimental points are 
compatible with an indexing on a cubic cell up to 

Po 


22 GPa. The relative density pu eee pressure 


is plotted on figure 5. No discontinuity in the 
cell volume is observed between 5.5 and 7.5 GPa. 
This is compatible with a second order phase 
transition such as the cubic-tetragonal one. 

The present results can be compared with those 
of L.R. Edwards and R.W. Lynch obtained in a pre- 
vious work [L.R. Edwards and R.W. Lynch, 1970]. 
Their experimental techniques were rather dif- 
ferent. Indeed, these authors used neither gasket 
between the anvils to confine the sample, nor 
pressure transmitting medium. Consequently, this 
experimental method induced anisotropic stresses 
throughout the sample and there is a strong 
non-hydrostaticity. 


Discussion 


The X-ray diffraction measurements were fitted 
by the Birch Murnagham equation of state: 


P= 


N [C9 


[e ero [e a 


where B, and B, are respectively the bulk modulus 
and its pressure deravitive at room pressure 
(figure 5). The value B, = 174.2 GPa is calcula- 
ted from [R.O. Bell and G. Rupprecht, 1963]. 
Using this B, value, the best fit of our data ob- 
tained by a least square method give us Bo 25.3. 
This value is more consistent with B, - 5.7! de- 
duced from ultrasonic measurements [A.G. Beattie 
and G.A. Samara,1970] than B, = 4.4, obtained by 
Edwards and Lynch. This last result can be 
explained by the conditions of their experiments. 

The low pressure dependence of the refractive 
index [G.A. Samara,1966] was extrapolated towards 
high pressure following the linear equation 


n = 2.4612 - 0.0012 P (7) 


with P in GPa. 

This extrapolation is valid up to 5 GPa at 
least because the dielectric constant does not 
produce any anomaly in this pressure range [G.A. 


Samara and A.A. Giardini, 1965]. The negative 
n 
value of dP is in agreement with sign calculated 


using the relation (5) and the volume dependence 


100 


200 
T(K) 


Fig. !. Brillouin shift versus temperature. 
The phonon direction of propagation is paral- 
lel to the [100] direction àf the cube. (from 
Kaiser W. and R.Zurek, 1966). 
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+sillcone grease 


+ ethanol-methanol 


5 10 15 20 


P(GPa) 
Fig. 5. Equation of state of SrTi0, in rela- 
tive units. p, is the density under normal 


conditions. Various symbols correspond to 
different pressure transmitting media. 


of optical polarizabilities [W.N. Lawless and H. 
Granicher, 1967]. Equation (7) was extrapolated 
in the whole studied pressure range. 

In the experimental geometry, 
moduli combination was 


the elastic 


pve = He (8) 


Between O and 7.5 GPa pv? increases linearly with 
a slope 


[11 1] direction 
rl 


20 


P(GPa) 


Fig. 6. Elastic moduli versus pressure. (a), 
(b) and (c) have the same meaning as on fig. 3. 
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dev? 
mr d 
dP 3 (9) 
In the high pressure phase, the slope of the 


quasi-transverse modulus (9V2)' becomes smaller 
and is equal to 1.7. 
The longitudinal or 


observed in the 


quasi-longitudinal mode 
high pressure phase is shown in 


figure 6. Because the exact orientation of this 
phase is not known, the combination of elastic 
moduli cannot be deduced. 


Conclusion 


We measured the equation of state and the 
pressure dependence of the Brillouin shift in the 
[111] direction of SrTiO, at room temperature. 
This study shows that the cubic ^ tetragonal 
phase transition occurs at about 6 GPa with a non 
measurable variation of the volume cell. The 
pressure dependence of a transverse acoustical 
phonon was measured in both phases up to 25 GPa 
and a longitudinal acoustical one in the high 
pressure phase between 13 and 36 GPa. The 
Brillouin efficiency in this compound is quite 
small and 200 scans or more are often necessary 
to obtain acceptable spectra. Nevertheless, the 
Brillouin scattering technique in a diamond anvil 
cell is a key for the study of elastic properties 
of the perovskite structre under high pressure. 
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EQUATION OF STATE AND RHEOLOGY IN DEEP MANTLE CONVECTION 
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Abstract. We present here an overview of the nonlinear 
aspects of compressible convection with variable viscosity and 
variable thermodynamical parameters in the equation of state. 
We have employed the single-mode, mean-field convection 
equations for a spherical-shell geometry as a simple tool in 
understanding the basic physical mechanisms of deep mantle 
convection. We have extended our approach to include depth- 
dependences of the thermal conductivity, thermal expansivity 
and the Grüneisen parameter. We have also considered the 
temperature-dependence of thermal conductivity. Results of 
the interior temperature and the convective distortion of the 
core-mantle boundary show that for the Newtonian rheology 
the activation energy in the bulk mantle cannot be greater than 
about 40 kcal/mole and the activation volume must be smaller 
than 3 cm?/mole. The temperatures of the lower mantle 
increase with depth-dependent and temperature-dependent 
thermal conductivity, decrease with depth-dependent 
expansivity, and increase again when both depth-dependent 
expansivity and conductivity are taken into account. The 
dynamical effects from a density-varying Grüneisen parameter 
are very small. The temperature-dependence of the mantle 
thermal conductivity can not be strongly nonlinear, as even a 
quadratic dependence of the conductivity with temperature 
would produce melting in the lower mantle. The thermal 
structure of the seismically resolved anomalous zone at the 
base of the mantle (D") is strongly influenced by these variable 
properties both in the equation of state and in the rheology. 


Introduction 


The last few years have seen progress made in the 
understanding of three-dimensional seismic structure in the 
mantle (Dziewonski, 1984; Woodhouse and Dziewonski, 
1984; Tanimoto, 1987), mantle flow processes (Jarvis and 
Peltier, 1986; Machetel and Yuen, 19872) and flow and 
magnetic field generation in the core (Bloxham and Gubbins, 
1987). At the same time there have been significant strides 
made in high-pressure experimental techniques, which are 
shedding new light into the thermal regimes of the lower 
mantle (Heinz and Jeanloz, 1987, Williams and Jeanloz, 1988) 
and the core (Williams et al., 1987). Experiments with laser- 
heated diamond cell now show the possibilities for reactions 
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between the liquid iron and solid oxides and silicates at 
conditions simulating the CMB (Knittle and Jeanloz, 1986), 
which is known from seismology to be extremely 
heterogeneous (e.g. Young and Lay, 1987). All of these 
developments have helped to put dynamical studies of the 
lower mantle and of the CMB into the limelight of solid-earth 
geophysics. 

One important aspect of mantle dynamics which has been 
ignored in most past studies is the role played by equation of 
state. Yet it is well known from seismic studies (e.g. 
Dziewonski and Anderson, 1981) and thermodynamical 
arguments (e.g. Birch, 1952; Anderson, 1987) that the density 
of the mantle is stratified with a scale height of about 5000 km 
and that there exist significant variations of thermal 
parameters, such as the coefficient of thermal expansion o, 
across the mantle because of pressure effects. With the 
exception of the work by Jarvis and McKenzie (1980) there 
has been a virtual standstill in work on compressible fluids 
pertaining to mantle dynamics. Part of this may have stemmed 
from the small effects arising from compressibility obtained in 
the calculations of Jarvis and McKenzie (1980). The 
shortcomings in this model include (a) constant viscosity (b) 
specified heat-flux boundary conditions at the bottom of the 
mantle (c) aspect-ratio one configuration. From mean-field 
theory (Yuen, Quareni and Hong, 1987) it 1s shown that 
variable viscosity can promote strong nonlinear interactions in 
compressible convection. The constant temperature boundary 
conditions at the CMB may be more appropriate from 
considerations of the energetics of the geodynamo (Stevenson, 
Spohn and Schubert, 1983) and the nature of the 
compositional discontinuity of the CMB as being the chemical 
reaction zone (Knittle and Jeanloz, 1986). Recently it has 
been demonstrated that expanding the computational domain to 
incorporate long wavelength can alter the style of convection 
dramatically (Christensen, 1987a; Machetel and Yuen, 19872). 

The compressible models (Jarvis and McKenzie, 1980; 
Quareni and Yuen, 1988; Yuen et al., 1987; Zhang and Yuen, 
1987) are based on constant thermodynamical parameters. 

This assumption of constant properties may not be reasonable 
from a physical standpoint. There is an awakening interest on 
the variation of thermodynamical parameters throughout the 
mantle (Anderson,1987) and the dynamical implications of 
these properties on mantle plumes (Zhao and Yuen, 1987). 
The effects of decreasing thermal expansivity and increasing 
thermal conductivity with pressure (Anderson, 1987) on 
mantle convection must be properly assessed by going beyond 
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SOURCES OF NONLINEARITIES AND THEIR INTERACTIONS 
IN THE ENERGETICS OF MANTLE DYNAMICS 


Fig. 1. Schematic diagram depicting the various nonlinear terms 
which contribute to the energy equation of compressible convec- 
tion. V-u refers to divergence of the velocity field, AT represents a 
change in the temperature and u'VT is the thermal advection term. 


the common incompressible equations for convection. For 
variable thermodynamical properties one cannot simply 
employ scaling relationships drawn from Boussinesq 
boundary-layer theory (e.g. Turcotte and Oxburgh, 1967; 
Olson and Corcos, 1980) to make predictions of the boundary- 
layer characteristics, since the variable thermal parameters, 
such as thermal expansivity, appear not only in the Rayleigh 
number, but also in other dimensionless parameters in both the 
energy and momentum equations. The interaction of rheology 
with equation of state in mantle convection is strongly 
nonlinear, as indicated from the mean-field results of Yuen et 
al. (1987) and Zhang and Yuen (1987). Radiogenic heating 
also serves to fuel this nonlinear process. Fig. 1 portrays 
schematically the nature of these nonlinear interactions in the 
energetics of mantle flow. 

The main purposes of this paper are to acquaint the reader 
with the importance of rheology and equation of state in mantle 
convection and to communicate the need for the acquisition of 
certain parameters that are of particular importance to 
dynamicists. Up to now, the nonlinear roles played by 
rheology, mantle compressibility and internal heating in mantle 
convection have not been widely appreciated. Given all the 
parameters associated with this problem, including time- 
dependence and three dimensions into a rigorous formulation 
leads to an intractable problem, since only very few cases can 
be studied even with the present generation of 
supercomputers. For now it seems more important to map out 
the important relevant parameters associated with the nonlinear 
elements shown in Fig. 1 and to understand the basic physics 
produced by variations of the rheological and equation of state 
parameter values. We will employ the mean-field method 
(Quareni and Yuen, 1988) because it has the immediate 
advantage of being able to reach the range of parameters 
relevant to the mantle. It is an approximate method but is fast 
computationally. This method will enable us to conduct a 
parameter space sweep wide enough to address several 
important issues in lower mantle dynamics. The next section 
of this paper gives a brief look into the nonlinear nature of 
compressible mantle convection. This is followed by 


discussions of the equation of state and rheology along with an 
overview of the mathematical formulation of the compressible 
convection problem. We then present the results of these 
compressible mean-field models and we close with a 
discussion of the geophysical implications. 


Nonlinear Nature of the Energetics in Mantle Convection 


Mantle convection by its very nature is a highly nonlinear 
phenomenon. For highly viscous fluids, such as the Earth's 
mantle, thermal advection (see Fig. 1), constitutes the sole 
source of nonlinearity in the case of constant viscosity, 
incompressible convection. This nonlinearity involving the 
coupling between the temperature and velocity fields 
represents a source term in the energy equation and has been 
identified as being responsible for precipitating chaotic thermal 
convection in the mantle (Vincent and Yuen, 1988). With the 
introduction of compressibility, one must include both viscous 
dissipation and adiabatic heating in the energy equation. 
Viscous dissipation ® is another source of nonlinearity and 
involves the product of the viscosity ņ and quadratic terms of 
the velocity gradients. For temperature-dependent viscosity 
n(T) ~ exp (A/T) where A is related to the activation energy 
Q*, arise in the temperature locally from viscous dissipation 
would decrease the viscosity, leading to higher velocities 
locally. Adiabatic heating also contributes to the overall 
energetics but occurs over broader spatial scales than viscous 
heating (Jarvis and McKenzie, 1980; Quareni and Yuen, 
1988). As adiabatic heating is dependent linearly on the 
thermal expansivity o, its strength locally would then be 
controlled by the depth variations of a, which are governed by 
the equation of state of the mantle. With compressibility taken 
into account, the velocity field u has no longer zero divergence 
(see Fig. 1). A non-zero divergent term in the continuity 
equation would support an additional amount of viscous 
dissipation (e.g. Batchelor, 1967). The magnitude of this new 
contribution is governed by the logarithmic derivative of the 
density (see eqn. (9) below) in the vertical direction (Quareni 
and Yuen, 1988). Thus effects from equation of state come 
prominently into the picture of mantle energetics. 

Internal heating represents another source term which is 
responsible for producing time-dependent convection in 
Boussinesq fluids (McKenzie, Weiss and Roberts, 1974). It 
has recently been found (Machetel and Yuen, 1988) that 
effects of compressibility, when acted in concert with 
radiogenic heating, give rise to much more nonlinear time- 
dependent situations. Radioactive heating also interacts 
nonlinearly with viscous dissipation because of the basic 
asymmetrical character of the streamlines in internally heated 
convective flows (e.g. McKenzie et al., 1974; Jarvis and 
Peltier, 1982) which produce narrow descending limbs with 
strong shear, thus providing a strong source of viscous 
dissipation. This nonlinear interaction between radioactive 
heating and viscous dissipation is further enhanced by the 
presence of variable viscosity. Fig. 1 gives a summary of all 
of these nonlinearities involved in the overall energetics of 
mantle convection. 


Equation of State and Rheology 


Knowing the appropriate equations of state to use depends 
upon the particular geophysical application in mind. For 
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extrapolating elastic properties to zero pressure (e.g. Knittle, 
Jeanloz and Smith, 1986) in order to compare with laboratory 
data, one would need a very accurate equation of state, given 
to fourth order in the strain (e.g. Birch, 1978). But these 
finite-strain equations are considerably more complicated to 
apply in convection calculations than the Adams-Williamson 
E.O.S., which has been employed in previous compressible 
convection studies (Jarvis and McKenzie, 1980; Yuen et al., 
1987; Quareni and Yuen, 1988). 

Higher order E.O.S. has been employed in a limited 
convection study (Baumgardner, 1985) in which no significant 
dynamical effects from its usage were found. In what follows 
we will employ the Adams-Williamson E.O.S. in which an 
expansion about an adiabatic state is assumed (Birch, 1952). 
We will also make use of the seismic equation of state for the 
lower mantle derived by Anderson (1987) from lateral 
variations of seismic velocities in the mantle. From lattice 
dynamical theory, the thermal property variations have been 
cast in terms of the density dependences. In non-dimensional 


form the depth-dependence of the density p for variable 
thermodynamical properties is given by 


1 dp _ —(p)gd 
P dr  Y(p)C,(p) 
(1) 


where r is the radius, which has been non-dimensionalized 
with respect to d, the depth of the mantle, g is the gravitational 
acceleration, yis the Griineisen parameter, which depends 
weakly on density (e.g. McQueen et al., 1970; Stacey et al., 
1981; Anderson, 1987) and Cp is the specific heat, which 
Should be reasonably constant in the mantle (e.g. Kieffer, 
1979). From the seismic anomalies Anderson (1987) deduced 
that thermal expansivity, lattice thermal conductivity k and 


Griineisen parameter y should vary with p according to 


Q) 

3 

(E) 
(3) 

ru) 
(4) 


where the subscripts "o" denote the values at the surface. There 
are experimental indications that thermal expansivity decreases 
with pressure faster than eqn. (2) (Bohler et al., 1988). 

In the main we will take y to be a constant, except in one 
instance (see Fig. 11). For constant thermodynamic 
properties, the density profile is 
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p( =p, exp (2 (r n) 
(5) 


where ro is the nondimensionalized Earth's radius and D = 
agd/Cp is the dissipation number (e.g. Jarvis and McKenzie, 
1980), which is related to the inverse of the scale-height of the 
adiabatic temperature. 

For the type of dependences of the thermodynamic 
properties on density, the density profile assumes the 
canonical form 


(6) 


For simple power law dependences of y and o on p, simple 
analytical expressions of p(r) can easily be derived. In the case 
of y constant and a(p), given by eqn (2), one finds 


1 


pa) =|1+ ae EDI 


(7) 


where D, is the dissipation number based on the 
thermodynamical parameters at the surface. 

In this study we will use a linear (Newtonian) constitutive 
relationship between the stress and strain-rate tensors, since 
the present formulation of the mean-field equations cannot 
handle nonlinear (non-Newtonian) rheologies. For 
compressible, viscous fluids the deviatoric stress tensor tij is 
related to the gradients of the velocity field through the 
dynamic viscosity n by 


QU, ou, 2 
T T] ox, tox, 735 VU 


(8) 


As discussed above, the divergence of the velocity field does 
not vanish for compressible fluids and this term is related to 
the density profile by 


dinp 
' Qr 


V. u--u 


(9) 


where u, 1s the radial velocity component. We note that eqn. 
(9) 1s a general expression in which the characteristic scale- 
height of the density 1s given by the right hand side. 
Temperature- and pressure-dependent viscosity is one of the 
unique physical aspects in mantle convection, because of the 
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thermally activated process in mantle creep (e.g. Sammis et 
al., 1977). We have used a viscosity law with an Arrhenius 
type of dependence. This viscosity relationship is given by 


Q*+pV* * 
«CT. p) =n. exp ( RE - 2) 


(10) 
where T is absolute temperature, Q* and V* are respectively 
the activation energy and volume, p is the hydrostatic pressure 
given by p(r) g (ro - r) d, R is the gas constant, and n.. is an 
interior viscosity for a given reference mantle temperature T... 
In this work we will set n.. = 102! Pa s, a constraint from 
postglacial rebound (e.g. Yuen, Sabadini and Boschi, 1982) 
and T. = 2773 K, a characteristic temperature in the lower 
mantle, below the solidus (e.g. Heinz and Jeanloz, 1987). At 
this point it is important to point out that in steady-state non- 
Newtonian variable viscosity convection, the effective 
activation enthalpy H* = Q* + pV* is approximately given by 
H*/n, where n is the exponent of the stress power-law in non- 
Newtonian rheology (Karato, 1981; Christensen, 1984). 
However, this scaling relationship no longer holds in time- 
dependent non-Newtonian convection (Christensen and Yuen, 
1988). 


Mathematical Formulation 


In this section we focus on the mathematical development of 
thermal convection with equation of state and rheology 
included. The equations governing thermal convection 
express mass balance, motion and energy balance. For the 
Earth's mantle the conservation of mass equation in spherical- 
shell coordinates with axisymmetry assumed reads 


1 a 1 d : 
<a or (Pu) + Saag 3g (Pus sin 9) =0 


(11) 


where u; and ug are respectively the radial and tangential 
components of the axisymmetric velocity vectors and 0 co- 
latitudinal angle measured from the polar axis. Eqn (11) is 
called the anelastic approximation (Ogura and Phillips, 1962) 
in which sound waves in the medium have been filtered out. 
For highly viscous fluids, such as the Earth's mantle, the 
non-dimensional momentum equations in the radial and 
tangential directions are 
ae D E 
e FA Tn) + tasno 306 en 6) | r 


+Ra,a(p)p(T - T,) =0 


(12) 
{on 
"^ r90 +| aa 14) * 7 T aat one) 
Ta Cot 0t, 
qoe XE dE 


(13) 
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where T is the non-dimensional temperature, T, is the 
dimensionless reference temperature, r is the fluid dynamical 
pressure, tgg is the normal stress along the longitudinal 
direction, given by the angle 9, and Rar is the Rayleigh 
number for basal heating given by 


ATgp d 


Ra,-a« KJ. 


T o 
(14) 


The thermal diffusivity Ko is based on the surface values and 
AT is the temperature difference across the convecting layer 
which is used to nondimensionalize the temperatures. We note 
that a in eqn. (12) may vary with density according to eqn. 

(2). 


The elements tij of the deviatoric stress tensor, which are 
used in axisymmetric spherical convection, are given by 


QU, | ) 
Tr mS sg 
(15) 
Eos i e Uo. cd ) 
LIE SPLIT 
(16) 
u,  U,cot @ 
RELIER = -4 u) 
(17) 
sni, as ) 
re »(1 90 ro (=) 
(18) 
The non-dimensionalized energy equation with mantle 
radioactivity present is given by 
oT _1 (dk aT D, 
at p EE ar Ra, "0 po) 
aT ed 
-u SE - 91 _p, u, (p) (T * T,) 
(19) 


where t is time nondimensionalized by d?/ko. T, is the non- 
dimensional surface temperature, and D, is the dissipation 
number based on surface values. The magnitude of the 
radiogenic heating is given by the ratio r = Rag/Rar where Ray 
is the internal-heating Rayleigh number defined by 


| o,gp,d H 
"^ K,n.k, 


(20) 
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The heat production rate per unit mass is denoted by H. The 
viscous dissipation function ® is given by 


2 2 2 
= u, 1 OU, ue) e siea 
o=2((%) 4 oo ee US 


2 


1 9 
r sin deum i e) 
(21) 


We now make the single-mode, mean-field approximation 
on the governing eqns., (11), (12), (13) and (19) along with 
the ancillary eqns., (15) to (18) and (21). Basically single- 
mode mean-field analysis (e.g. Gough, Spiegel and Toomre, 
1975) separates the dependent variables, velocity, dynamical 
pressure, and temperature into an horizontally averaged (mean) 
and fluctuating parts. This method has been employed as a 
reconnaissance tool for many diverse geological problems 
(e.g. Spera et al., 1986; Quareni et al., 1985). The horizontal 
average involves integrating the field variable over a spherical 
surface S at radius r. That is, for the mean temperature T(r,t) 
we have 


[Teega 
T(r, | —— 
Jao 


(22) 


The horizontally averaged velocity is zero, since the motion is 
assumed to be periodic on the spherical surface. The single- 
mode representation assumes that the fluctuating temperature 6 
and velocity fields are concentrated at a particular degree n of 
the spherical harmonic expansion Ynm(8,¢), m being zero in 
the axisymmetric configuration. This represents a simple but 
useful model in that the horizontally averaged structure is 
preserved. In this way we set 


u, (r, 8,t) - y, (r, DY, (8) 


(23a) 

u(r, 8,t) 2 y, (Cr, DY, (8) 
(23b) 
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where Y,(6) = (2n + 1)12 P,(cos 6) with P, (cos 9) the usual 
Legendre function of degree n. The fluctuating temperature 
field is given by 


@(r, t, 0) 2 6, (r, t) Y, (8) 


(25) 


The partial-differential equations can then be spectrally 
decomposed to a set of partial differential equations for each 
degree n. Henceforth, we will drop the subscript "n" in the 
radial-dependent functions. 

Substituting eqns. (23a) and (23b) into eqn. (11), we may 
write the mass conservation equation as an ordinary 


differential equation (O.D.E.): 


d dinp 
rhy,=[-2- dr 


le Ly, 
(26) 


with L 2 n (n * 1). Similarly, we may write the shear stress 
as 


y," (v.v, rey, 


(27) 


Next we transform the motion equations to O.D.E.'s by 
multiplying eqn. (12) by Y,(6) and integrating them from 6 = 0 
to x. From the orthogonal properties of Legendre functions 
we may simplify the two motion equations to 


roy, =12n (129 Py, - 6Lny, 
*y, Ly, - Ra,pa(p)er? 
(28) 
(4L - 2)ny, - y, - 2y, 
(29) 


Eqns. (26) through (29) constitute a linear, fourth-order, 
nonhomogeneous O.D.E. system with the fluctuating 
temperature 6(r) providing the forcing to drive the flow. 

The energy equation is decomposed into mean and 
fluctuating parts. Projecting out the angular dependence of the 
field variables as in the momentum equations, we arrive at the 
single-mode, mean-field energy equations, which read 


3e 1[dk(P) oe ð o2 9^ L 
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at _ 1{9k(p) oT at .2aT 
T- dr or * MP) a +T ar 
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with the viscous dissipation term in the mean-field 
approximation given by 
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(32) 


Although we expect on theoretical grounds that 
compressible convection would be highly time-dependent, we 
will solve the mean-field equations in the steady-state in order 
to derive some physical understanding from the steady 
horizontally averaged profiles. Furthermore, time-averaged 
temperature profiles (Machetel and Yuen, 1987) of chaotic 
mantle convection show very similar features to horizontally 
averaged temperature profiles taken from mean-field 
calculations for incompressible convection. With the steady- 
state ansatz, the time-derivatives in eqns. (30) and (31) are set 
to zero. The entire O.D.E. system then consists of the fourth- 
order momentum system (eqns. (26) through (29)) and the 
fourth-order energy system (eqns. (30) and (31)). 

In this study we focus only on whole-mantle convection. 
The effects of compressibility on two-layer convection have 
been studied elsewhere (Yuen, Zhang and Langenberger, 
1988). We have imposed stress-free and zero radial velocity at 
the surface and the CMB, which is taken to be 2886 km in 
depth. The temperature at the surface is held at 273 K in the 
case of constant viscosity and it is set to 1100 K for variable 
viscosity. The fluctuating temperature vanishes at both the 
surface and at the CMB. The temperature at the CMB can be 
constrained by the melting point of iron (Bóhler, 1986; 
Williams et al., 1987). We have imposed a temperature 
difference AT = 3500 K across the mantle. This is an 
important parameter, especially for variable viscosity, as the 
results of Zhang and Yuen (1987) have shown. This coupled 
eighth-order, nonlinear O.D.E. system with the associated 
eight boundary conditions on the temperature and velocity 
fields is solved for each degree n as two fourth-order systems 
with the momentum equations leading. Underrelaxation was 
used to facilitate numerical convergence (Quareni et al., 1985). 
Up to 200 adaptively chosen points have been used along the 
radial direction. 
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The importance of certain geophysical parameters, such as 
activation energy and volume, are not immediately obvious, 
until when effects on the thermal-mechanical state in the deep 
mantle are illustrated by way of dynamical calculations. It is 
the purpose of this section to expose the reader to the 
sensitivity of the mantle temperature, viscosity and the 
convective distortion of the CMB from variations of the 
rheological and equation of state parameters. We will also 
discuss the effects from using different functional dependences 
of the thermal conductivity. 

We illustrate the action of varying the magnitude of the 
Grüneisen parameter y in Fig. 2, in which a constant viscosity 
is taken with a dissipation number of D, = 0.6 and a Raleigh 
number of 106. In this paper we will focus only on long 
wavelength cells, since from both seismology (Masters et al., 
1982) and geoid anomalies (Crough and Jurdy, 1980) it has 
been demonstrated that the dominant power in these two 
geophysical signals lies with the degree two (n=2) mode. In 
panel (a) we observe that the mean temperature profiles are 


1.2075 1.7075 2.2075 1.2075 1.7075 2.2075 
r r 


Fig. 2. Constant viscosity, compressible convection in 
spherical-shell. The Rayleigh number is 106, the mode used is 
n = 2 and the dissipation number D, is 0.6. Panel (a) Mean 
temperature (b) fluctuating temperature with n = 2 angular 
dependence (c) dissipation function 4", which is defined by 
(D/p)(n/Rap)e (d) radial velocity. Griineisen parameters are 
given next to the curves. The temperature jump across the 
mantle is 3500 K. Radius has been non-dimensionalized with 
respect to the depth of the mantle. 
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characterized by the presence of two thin boundary layers 
joined by a gradual rise in temperature, which is adiabatic in 
character, i.e. dT/dr in the interior is equal to -DT. 
Temperatures rise as a consequence of decreasing y or making 
the mantle material more compressible. This phenomenon is 
due to enhanced viscous heating from increased 
compressibility (Yuen et al., 1987). Lateral temperature 
variations @ induced by mantle convection contribute directly to 
the gravity anomaly signatures and deformations of the 
boundaries. They are also related to seismic anomalies from 
Birch's law relating seismic velocities to densities. We 
examine in panel (b) the influences of varying yon the 0 
profiles. There are little differences among them. It is seen 
that greater concentration of lateral temperature variations is 
present at the CMB than at the top boundary layer. 

As discussed above (see Fig. 1) one of the major sources of 
nonlinearity in compressible convection is viscous heating (see 
eqn. (32)). In panel (c) we plot 9', which is defined by 


@' SECUN 
(07 Ra. 


(33) 


We see that dissipative heating is concentrated in the deep part 
of the mantle for values of y, greater than 1.0, characteristic of 
perovskite (e.g. Williams, Jeanloz and McMillan, 1987; 
Hemley, Jackson and Gordon, 1987). However, for lower 
values of y, shear heating shifts to the upper mantle and two 
regions of intense heating in the upper and lower mantles 
result. As @' is divided by p, the magnitude of &' would be 
reduced by this factor, since density increases with smaller y 
(see eqn. (5)). We display the radial velocity profiles in panel 
(d). Velocities increase with smaller y, as viscous dissipation 
becomes more prominent. It is to be noted that a 
dimensionless velocity of 1000 corresponds to about 1 cm 
yrl. Thus these models deliver the proper magnitude of 
velocities, characteristic of surface plate motions. 

We will now look at the effects of varying Q* in a purely 
temperature-dependent viscosity. We have in this study 
employed the same activation energy Q* and activation volume 
V* throughout the whole mantle, because of the much greater 
volume of the lower mantle. Furthermore, our purpose here is 
to illustrate the fundamental physics which would be obscured 
by the introduction of additional rheological parameters into 
the model. Panel (a) of Fig. 3 shows that the interior of the 
mantle becomes hotter with larger activation energies and that 
there is a sharp rise for Q* between 25 and 40 kcal/mole. This 
same phenomenon was also found for the cartesian geometry 
in which a heat-flux boundary condition was imposed at the 
bottom (Quareni and Yuen, 1988). These results would 
indicate that the bulk Q* for the mantle cannot be too high, say 
greater than 40 kcal/mole, but in the case of a non-Newtonian 
mantle, the actual Q* could conceivably be higher because the 
effective Q* may be reduced. The effects of varying the 
dissipation number D, are shown in panel (b). The interior 
temperatures in the upper mantle diminish with Do, while near 
the CMB the temperatures increase with Do. Also displayed in 
panel (b) are calculations taken for Q* = 20 kcal/mole (dashed 
curves). It is seen that variations of Q* in the incompressible 
(D, = 0) cases have much more pronounced effects than those 
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13075 
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Fig. 3. Mean temperature as a function of radius for 
temperature-dependent viscosity. The Rayleigh number Rao, 
based on the interior viscosity n, is set to 108 panel (a) 
Variations of activation energy. Values of Q* in kcal/mole are 
given next to the curves. Dg of 0.5 and y of 1.5 have been 
employed. (b) Variations of the dissipation number for Q* = 
30 kcal/mole (solid curves) and Q* = 20 kcal/mole (dashed 
curves). The temperature jump across the mantle is 3500 K. 
The Griineisen parameter is 1.5. 


with compressibility, because of the presence of the adiabatic 
temperature gradient in compressible models. 

Fig. 4 shows the viscosity profiles for these cases with 
n(T). Viscosities show a sharp drop near the surface due to 
the top thermal boundary layer. They all exhibit a monotonic 
decrease in the interior, terminating with a sharp drop of at 
most O(10 Pa s) at the CMB. Viscosity reduction is found to 
increase with the activation energy. Since from geophysical 
inferences (Yuen et al., 1982; Hager et al., 1985) mantle 
viscosity increases at least slightly with depth, these results 
would then argue that there exist some amounts of pressure- 
dependence in the mantle flow laws in order to obtain a non- 
decreasing viscosity profiles when D, is varied. Here we see 
that the viscosity gradients in the interior become more 
negative and the magnitudes of the lower mantle viscosity 


22075 1.2075 


22075 


Fig. 4. Viscosity as a function of radius for temperature- 
dependent viscosity. These viscosity surves correspond to the 
temperature curves given in Fig. 3. All parameters are the 
same as in Fig. 3. Values of Q* and dissipation number are 
provided in the figure. 
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1.2075 1.7075 2.2075 


Fig. 5. Mean temperature profiles for temperature-and 
pressure-dependent viscosity. Ra, is 108. Panel (a) 
Boussinesq (D, = 0) case with Q* = 45 kcal/mole, activation 
volumes V* in cm?/mole are given next to the curves (b) D, = 
0.5 and Q* = 45 kcal/mole. Griineisen parameter is 1.5. 


increase, the larger the adiabatic gradients. These trends are 
— for placing bounds on the dissipation number in the 
mantle. 

In Figs. 5 and 6 we display respectively the results of the 
temperature and viscosity profiles for temperature- and 
pressure-dependent viscosity n(T,p). Both incompressible 
(panel a) and compressible (panel b) cases are compared. The 
outstanding feature of these results is that the interior 
temperature is lowered with the introduction of pressure- 
dependence in the rheology. Boundary layers at the top and 
bottom are also broadened by n(T, p). The effects of varying 
V* are much greater for incompressible models, because of the 
absence of the adiabatic temperature gradient. The viscosity 
profiles in Fig. 6 demonstrate clearly their sensitivity to 
variations in the activation volume V*. One can clearly rule 
out an activation volume greater than 3 cm?/mole for 
Newtonian n(T, p). The presence of the adiabatic temperature 
rise acts to moderate the viscosity increase. It is indeed quite 
possible for an isoviscous interior to be achieved self- 
consistently in compressible convection. This prospect has 
puzzled geodynamicists for a long time. There have been 
attempts in the past of using simplified temperature profiles 
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Fig. 6. Viscosity profiles for temperature- and pressure- 
dependent Newtonian rheology. All the parameters are the 
same as in Fig. 5. 
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from oceanic plate boundary-layer models (Karato, 1981), but 
they were ad hoc in character. Both the temperature and 
viscosity profiles would argue for a relatively small activation 
volume in the lower mantle, between 1 and 2 cm?/mole, in 
order to satisfy geophysical inferences of deep mantle 
viscosity (e.g. Yuen and Sabadini, 1985). Recent work on the 
melting curves of perovskite (Heinz and Jeanloz, 1987) 
supports also the idea of a small activation volume in the lower 
mantle. 

From the above figures we observe that the behavior of the 
variable viscosity convection solutions depends greatly on the 
values of Q* and V*. Figure 7 is a domain diagram on the 
(Q*, V*) plane where we give a summary of the various 
regimes of convective vigor and style. A Rar of 108, based on 
Neco, has been used in these calculations. Other common 
parameters are y = 1.5, D, = 0.5, and AT = 3500 K. Constant 
thermodynamical properties, have been employed in the 
construction of this diagram. For V* greater than a certain 
magnitude, convective motion is not possible because of the 
strong pressure-dependence existing throughout the entire 
mantle. This region has been marked "no convection". A 
second region, in which the steady-state solution does not 
converge and weak convection of an oscillatory nature takes 
place, lies right below the convectively stagnant region. The 
third category, designated by the term "normal steady-state", 
extends from the origin (Q*=V*=0) and is situated right below 
the second region. The last sector on the lower right, called 
"hot convection", is characterized by an extremely hot interior, 
greater than T = 0.75. This domain diagram shows that there 
is a narrow band of Q* and V* for which satisfactory 
thermomechanical solutions can be obtained. Too large an 
activation energy without any pressure-dependence in the 
rheology will give rise to unbearably hot interiors. On the 
other hand, too large an activation energy, V* greater than 
about 3 cm?/mole, will stifle convection completely. It is to be 
emphasized that the boundaries delineating the different 
regions would shift with changes in the external control 
variables, such as Rar and Dg, and also with the introduction 
of variable thermodynamical properties. The construction of 
this domain diagram has required well over 100 separate 
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Fig. 7. Domain diagram depicting the style and vigor of 
temperature- and pressure-dependent viscosity compressible 
convection. The common parameters are Ra, = 105, degree n 
=2, y= 1.5 and D, = 0.5. The temperature parameters are AT 
= 3500 K and T, = 1100 K. 
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Fig. 8. 


Temperature profiles for variable thermodynamical properties. 
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Panel (a) constant 


viscosity. The relevant input parameters are RaT = 106, Do = 0.5, Q* = 30 kcal/mole, V* = 1 


cm3/mole, and y = 1.25 (c) temperature-dependent viscosity. 


in panel (b). 
denotes depth-dependent thermal 


and (c) is 108. 


calculations, which would be an enormous task, if the full 
compressible convections were employed. 

Next we study the effects of depth-dependent 
thermodynamic properties in the mantle on the thermal and 
viscosity structures. In what follows, we will employ the 
functional forms for the depth-dependences of o(p), k(p) and 
Y(p) derived by Anderson (1987) from lateral variations of 
seismic velocities in the lower mantle. It is worthwhile to 
point out here that, although there may be some uncertainties 
with the functional dependences in eqns. (2) to (4), the basic 
physics of incorporating these variable properties in 
compressible convection should be well demonstrated. 

Fig. 8 shows the temperature profiles for constant viscosity 
(panel a), temperature- and pressure-dependent viscosity 
(panel b) and temperature-dependent viscosity (panel c). A 
temperature difference of 3500 K across the convecting layer 
is assumed. The Rayleigh numbers are 106 for constant 
viscosity and 108, based on n, for n(T) and n(T, p). Profiles 
generated with constant thermodynamical properties and eqn. 
(5) are given the symbol (ko, o;). These curves are to be 
compared with those of (ao, k(p)). We see that temperature 
profiles based on k(p) alone are hotter and have a thicker D" 
layer with a much smaller temperature jump. On the other 
hand, those with o(p) alone have lower interior temperatures 
and a larger temperature rise across the D" layer. Profiles with 
both a(p) and k(p) present have higher temperatures than the 
ones with constant thermal properties. The adiabatic 
temperature gradients for o(p) decrease with depth and remain 
linear for constant thermal expansivity. Inside the boundary 
layers the temperature gradients are not adiabatic but away 
from them the thermal profiles for the mean-field 
approximation lie on the adiabat, whose magnitude is 


Other parameters are the same as 


The symbol (ao,ko) denotes constant thermodynamical properties, (ao, k(p)) 
conductivity only, (a(p), ko) stands for depth-dependent 
thermal expansivity, and (a(p), k(p)) has both types of depth-dependences. 


Rag for panels (b) 


determined by the local thermodynamical properties. For 
n(T,p) the temperature profile with both alp) and k(p) is 
several hundred degrees hotter than the one with constant 
thermodynamical properties. In general, effects of a(p) and 
k(p) on mantle temperatures are not negligible. 

The sensitivity to variations of the functional dependences 
of alp), k(p) and *(p) is examined next. Fig. 9 shows the 
temperature profiles for constant viscosity (panel a), n(T) 
(panel b) and n(T, p) (panel c), as we vary the power-law 
dependence of a(p) ~ 1/p? from n = 0 to n = 4. Inspection of 
the figure reveals that the thermal profiles become more 
isothermal in the interior, hence more Boussinesq-like, as the 
power-law dependence becomes stronger. The effects of k(p) 
on the thermal fields are illustrated next in Fig. 10. The 
influences of increasing the power-law dependence of k(p) are 
stronger than for a(p), as we can observe from the greater 
differences in the temperature profiles, especially for n(T,p). 
Empirically, the Grüneisen parameter is found to decrease 
upon increasing compression with a power-law index between 
1 and 2 (e.g. Anderson, 1987). In Fig. 11 we show the 
influences of y(p) on the thermal profiles associated with 
constant viscosity (panel a), n(T) (panel b) and n(T, p) (panel 
C). Here the effects from *(p) are clearly small, with (T, p) 
causing the biggest differences. 

The expression for the thermal conductivity k(p), given by 
eqn. (3), assumes that heat is conducted by the phonon 
Scattering mechanism (Klemens, 1958). However, there can 
also exist radiative heat-transfer from electromagnetic waves, 
which may become substantial under lower mantle conditions 
(Kieffer, 1976; Shankland, 1979). Hence, the total thermal 
conductivity for the lower mantle is larger than the estimate 
based on only phonons. For constant opacity, the temperature 
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r r r 
Fig. 9. Mean temperature profiles for various functional dependences of a(p). Panel (a) 
constant viscosity. Other parameters are the same as for panel (a) of Fig. 8. Panels (b) and (c) 


represent respectively n(T) and n(T,p). Functional dependences of a(p) are given adjacent to 
the curves. 


dependence of the thermal conductivity due to electromagnetic k(T) goes into the equation for the mean-temperature (eqn. 
radiation is proportional to T4. But the absorption cross (31)). The divergence of the conductive flux, Dc, then 
section of mantle minerals is such as to reduce greatly this becomes 
strong dependence of the thermal conductivity on temperature. ; 
We will use k(T) of the form 2 
5 -«»(s T +220), dk(T) (eT) 
T+ TY E dr? r dr dT \dr 
k(T) = 2 
| T, (36) 
(35) Eqn. (36) replaces the first three terms on the right-hand side 

where m is a parameter used to characterize the degree of of eqn. (31). Substituting Dc into eqn. (31), we obtain now a 
nonlinearity. Within the framework of the mean-field theory, strongly nonlinear O.D.E. for the mean temperature equation. 
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Fig. 10. Mean temperature profiles for different functional dependences of depth-dependent 
thermal conductivity. Panels (a), (b), (c) have the same parameters as the corresponding 
panels of Fig. 9. Functional dependences of k(p) are given next to the curves. 
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as in panel (b), but with V* = 1 cm2/mole. 
Curves. 


The nonlinear effects from k(T) have not been investigated 
before in mantle convection. We find that upper bounds on 
the power-law index m in eqn. (35) can be derived from 
looking at a suite of solutions with varying m. Fig. 12 shows 
that the interior temperatures rise rapidly with the nonlinearity 
index m. For (T, p), m certainly cannot be much greater than 
2 in order to prevent melting in the lower mantle. This 
sensitivity of variable viscosity solutions to k(T) reflects the 


Fig. 12. 
dependent thermal conductivity. 
viscosity (c) temperature- and pressure-dependent viscosity. 
three panels are the same as for the corresponding panels in Fig. 12. 
given by eqn. (35), are given next to the curves. 
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Mean temperature curves for different functional dependences of the Griineisen 

Other parameters are RaT = 106, Yo = 1.5, Do = 0.6. (b) 
Other parameters are Rag = 108, Yo = 1.5, Do = 0.6 and Q* = 30 
kcal/mole (c) temperature- and pressure-dependent viscosity. 
Functional dependences of y(p) are given next to the 


Other parameters are the same 


nonlinear feedback between temperature-dependent rheology 
and temperature-dependent thermal conductivity in the 
temperature equation. This feedback mechanism comes from 
the higher temperatures produced by k(T), which, in turn, 
reduce the temperature-dependent viscosity. It is to be noted 
that with the addition of mantle radioactivity, smaller upper 
bounds of m will be obtained, since internal heating would 
further raise the temperature and drives up the conductivity, 
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Depth tAm) 


Viscosity profiles of the lower mantle for temperature- and pressure-dependent 


Fig. 13. 


2886 1443 


theology. Panel (a) Rao = 108, v* = 1.5 cm3/mole, Yo = 1.5, Do = 0.5. Activation energies in 
kcal/mole are given next to the curves (b) Rag = 108, Yo = 1.5, Q* = 30 kcal/mole, and V* = 1.0 


cm? /mole. 


leading to even higher interior temperatures. The central 
lesson in these calculations is that the temperature-dependence 
of lower mantle thermal conductivity is most probably weak, 
with m less than 2. Otherwise, it would be difficult to avoid 
some amounts of melting in the lower mantle, especially in 
view of the perovskite solidus (Heinz and Jeanloz, 1987). 

Low viscosity channels exist both in the asthenosphere and 
at the CMB because of the competing effects between 
temperature and pressure in (p, T). The viscosity structure of 
the lower mantle plays an important role in the thermal 
structure of the D"-layer and also in the convective distortion 
of the CMB, an issue of particular significance to the thermal 
coupling between the core and mantle (Bloxham and Gubbins, 
1987). We illustrate in Fig. 13 the sensitivity of the lower 
mantle viscosity profiles to variations of the activation energy 
and dissipation number for n(p, T). Panel a shows that the 
viscosity drops abruptly to 0(1022 Pa s) for Q* = 40 
kcal/mole. Viscosity contrasts across the D" layer for these 
geophysically reasonable models do not exceed 102. 
Numerical simulations of thermal plumes with a Boussinesq 
model showed that a viscosity contrast of 10? to 104 is needed 
to initiate small-scale convective instabilities (Olson et al., 
1987). There activation enthalpies H* exceeding 200 
kcal/mole were employed in order to produce these small-scale 
features. Such a larger magnitude of activation enthalpy is at 
variance with recent laboratory inferences of Q* (Knittle and 
Jeanloz, 1987) and V* ((Heinz and Jeanloz, 1987) and also 
with the dynamical calculations presented here. But this 
incompressible model (Olson et al., 1987) is of a local nature. 
The mean-field models presented here give a global description 
of the thermal mechanical structure and, hence, can lead to 
much tighter constraints on the geophysically relevant 
parameters. 

The low viscosity channel at the bottom becomes narrower 


Dissipation numbers Do are given next to curves. 


for larger values of Q*. For small activation energies a high 
viscosity lid is developed right over the low viscosity zone 
(LYZ). For V* = 1.5 cm?/mole and D, = 0.5, the activation 
energy cannot be smaller than about 35 kcal/mole in the bulk 
of the lower mantle in order to satisfy viscosity constraints 
from postglacial rebound and geoid anomalies. The effects of 
varying D, are displayed in panel b. Too small a Dy would 
give rise to geophysically unreasonable viscosity structure in 
the lower mantle. Even in these cases the viscosity contrast 
across the D" layer does not exceed 102. On the other hand, 
too large a Do, like D, = 0.8, will produce a monotonically 
decreasing viscosity profile, which, again, are not consistent 
with the geophysical inferences. On this basis, satisfactory 
values of D, would lie between 0.3 and 0.6. These results 
demonstrate the capability of more sophisticated models, such 
as variable viscosity compressible convection, in constraining 
rheological and thermodynamical parameters of the lower 
mantle. 

There are strong evidences from geochemistry that part of 
the energy needed to drive convection comes from radiogenic 
heating (e.g. Allegre et el., 1979; Wasserburg and DePaolo, 
1979). The exact partitioning between basal and internal 
heating in mantle convection is an open question, although 
there have been attempts to estimate this quantity from 


parameterized convection studies (Spohn and Schubert, 1982). 


If one assumes the averaged concentrations of heat-producing 
elements in chondritic meteorites, then the ratio r from eqns. 
(14) and (20) is determined to lie between 20 and 60 for whole 
mantle convection, depending on the lower mantle thermal 
conductivity. In this study we will restrict our attention to low 
values of r, 5 and 10, for both n(T) and n(T, p). In Fig. 14 
we show the influences on the lower mantle viscosity profiles 
from some amounts of internal heating. Panel a shows that 
with the introduction of internal heating viscosity decreases 
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Depth 


Fig. 14.  Viscosity profiles of the lower mantle for temperature- and pressure-dependent 
rheology with internal heating. (a) Effects of varying activation volume. Other parameters 


are Rag = 108, r = 5, Dg = 0.5 and Q* = 30 kcal/mole. Values of activation volume (cm3/mole) are 
given. (b) Effects of varying the amount of internal heating. Other parameters are Rag = 108, 
Do = 0.6, Q* = 25 kcal/mole and V* = 1.0 cm?/mole. The internal heating parameter r = RaT/RaH 
is given next to the curves. (c) Effects of varying the dissipation number. Other parameters 
are Rag = 108, r = 5, Q* = 30 kcal/mole and V* = 1 cm3/mole. Dissipation numbers are given next 
to the curves. (d) Effects of varying the activation energy. Other parameters are Rag = 108, r = 
5, Dg = 0.5 and V* = 1 cm3/mole. Activation energies are next to the curves. 


somewhat from the purely base-heated configuration (cf. panel of varying the dissipation number for r = 5. The Boussinesq 
a of Fig. 13). What is striking is the sharp decrease of lower case (Do = 0) exhibits a sharp positive viscosity gradient, 


mantle viscosity with slight changes of V*. In this case the culminating in a viscosity lid above the LVZ. This lid is 

lower mantle viscosity is nearly constant for V* = 1.0 diminished by raising the dissipation number. For D, greater 
cm?/mole, but shows positive stratification for V* = 0.5 than 0.5, a negative viscosity results because of the rise in the 
cm3/mole. Panel b shows that variations in the viscosity are temperature due to the steeper adiabat. Finally we show panel 


small for r between 0 and 10. In panel c we display the effects d the influences of increasing Q*. For Dy = 0.5 viscosities for 
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Q* from 20 to 40 kcal/mole remain relatively constant in the 
lower mantle, although they differ by more than an order in 
magnitude. Viscosity contrast across the D"-layer decreases 
with increasing Q*. This trend is opposite to that produced by 
the viscosity function used by Olson et al. (1987), who have 
pinned the viscosity to a given value in the lower mantle above 
the CMB. Here the viscosity profile in the lower mantle is 
determined by the temperature imposed at the CMB. Because 
the temperature jump across the bottom thermal boundary layer 
decreases strongly with Q* (see Fig. 3), the viscosity contrast 
is reduced in spite of larger values of Q*. 

The shape of the CMB, which is different from that 
predicted by the hydrostatic equilibrium theory, can yield 
information important to understanding the style of deep 
mantle convection and the thermal interaction between the core 
and mantle (Bloxham and Gubbins, 1987). Recent works 
from 3-D seismic topography indicate anomalous lateral 
structure in D" with topographic undulations of around 0 (10 
km) (Morelli and Dziewonski, 1987; Creager and Jordan, 
1986). The amount of CMB topography induced dynamically 
may be employed to put bounds on the rheological and 
thermodynamical parameters, as well as on whole mantle 
(Zhang and Yuen, 1987), as topography is governed by the 
viscosity structure in the D". To calculate the spectral 
amplitude of the CMB distortion cmp, we use the linearized 
formula, given in dimensional format by 


m 
Come = Apg 


(37) 


where Ap = 5500 kg/m? is the assumed density difference 
between the lower mantle and the core. 

The point concerning the dependence of CMB topography 
on activation energy is emphasized in panel a of Fig. 15, 
where V* = 1 cm?/mole is used and Q* spans between 10 and 


10 30 50 
Q* (kcal/mole) 
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70 kcal/mole. Extrapolating these results to Q* = 120 
kcal/mole (Olson et al., 1987), one would find that, for Do 
greater than 0.3, the long wavelength CMB deformation 
induced dynamically would be smaller than 100 meters! One 
observes that there is a sharp decrease of CMB topography for 
Q* around 35 kcal/mole. On the basis of the seismically 
inferred CMB topography, these results would argue for a 
relatively small Q* in the lower mantle, much smaller than Q* 
for olivine in the upper mantle, which is around 100 to 125 
kcal/mole. This would, in fact, be consistent with the 
experimental work on Q* of perovskite by Knittle and Jeanloz 
(1987), in which small activation energy has been measured 
for the back transformation of the perovskite to the enstatite 
structure. The effects of activation volume on CMB 
topography of the degree two harmonic are summarized in 
panel b of Fig. 15. We observe a distinctly nonlinear increase 
of CMB distortion with V*. These results would imply a 
relatively small activation volume, V* less than 3 cm3/mole in 
the lower mantle. Recent experiments on the melting curve of 
perovskite (Heinz and Jeanloz, 1987) give support to the idea 
of a low V* there. 


Concluding Remarks 


The central aim of this paper has been to present a unified 
description of the usage of both rheology and equation of state 
in mantle convection models. Our results have demonstrated 
quite clearly the importance of employing realistic 
thermodynamical and rheological parameters in the study of 
the thermal mechanical structure of the lower mantle, in 
particular, the D'-layer. We have so far been able to establish 
certain preliminary estimates on the rheological parameters of 
the lower mantle. Otherwise, the interior temperature would 
exceed the solidus. On the other hand, the lower mantle 
activation volume V* cannot be greater than 3 cm?/mole. 
Otherwise, too large CMB deformation, exceeding 0(10 km ), 
would be produced from thermal convection. 


V*(cm? /mole) 


Fig. 15. CMB topography (maximum amplitude) as a function of activation energy (panel a) and of activation vol- 
ume (panel b). Other common parameters are Ra, — 105 and y = 1.5. Dissipation numbers are given adjacent to 


the curves. Degree two harmonic has been employed. 
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We found that the temperature-dependence of thermal 
conductivity k(T) must be weak in the lower mantle. Or else 
the lower mantle temperatures will again exceed the solidus, 
due to nonlinear positive feedback between k(T) and n(T, p) in 
the temperature equation. The effects of the phonon 
contribution to the conductivity, k(p), also lead to higher 
mantle temperatures, whereas the decrease of thermal 
expansivity with depth in a(p) serves to decrease the interior 
temperature. Taken together, both k(p) and o(p) act to increase 
the lower mantle temperature and to decrease the temperature 
jump at D"-layer. Dynamical effects from the density variation 
of y, Yp), are found to be minor. Viscosity structures in the 
lower mantle are strongly influenced by the rheological 
parameters, the adiabatic gradient (Quareni, Yuen and Saari, 
1986) and the amount of internal heating. 

With the compressible model it is now possible to obtain an 
isoviscous lower mantle for a geophysically reasonable range 
of rheological and thermodynamical constants. In the past this 
aspect has eluded all of the variable viscosity, incompressible 
models (e.g. Christensen, 1984) and those based on a 
posteriori inclusion of the adiabatic gradient (Sammis et al., 
1977). The topography at the CMB depends greatly on the 
local thermodynamical parameters of the lower mantle. From 
these results we have seen how each of the nonlinearities in 
mantle convection (see Fig. 1 again) can exert such a strong 
influence upon each other so that definite constraints can be 
placed on a range of plausible parameter values, such as 
activation volume, activation energy and the local adiabatic 
gradient. These zeroth order results, derived from the mean- 
field approximation, will certainly pose challenges for the next 
generation of compressible convection models. There is still a 
wealth of challenging fundamental questions in compressible 
convection that have yet to be adequately dealt with which will 
require the combined efforts of both dynamicists and mineral 
physicists. 
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